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Abstract 
 
In this work, the effects of epitaxial strain and film thickness on the lattice structure, 
microstructure, magnetization and electrical conduction of La1-xSrxCoO3 (LSCO) (x = 
0.18 and 0.30) thin films have been studied using thickness-dependent film series on 
several types of single-crystalline substrates. Alternatively, the direct effect of strain has 
been probed using a piezoelectric substrate. La0.7Sr0.3CoO3 is a ferromagnetic metal, 
whereas La0.82Sr0.18CoO3 is at the phase boundary between the ferromagnetic metal and 
an insulating spin glass phase. Epitaxial biaxial strain in La1-xSrxCoO3 (x = 0.18-0.3) 
films is known to reduce the ferromagnetic double exchange interactions. It has further 
been suggested for the control of the crystal field splitting of the Co ions which may be 
utilized to manipulate the spin state.   
The LSCO (x = 0.18 and 0.30) films have been grown by pulsed laser deposition (PLD) 
on substrates of LaAlO3, SrTiO3, (PbMg1/3Nb2/3O3)0.72(PbTiO3)0.28 (PMN-PT) and 
(LaAlO3)0.3(Sr2TaAlO6)0.7 (LSAT), which provide different strain states and, in the case 
of PMN-PT, a reversibly controllable strain. Thickness-dependent series of 
La0.82Sr0.18CoO3 on SrTiO3 and LaAlO3 as well as of La0.7Sr0.3CoO3 on LSAT have been 
studied. The lattice parameters of the epitaxially grown films were determined from X-
ray diffraction measurements (Bragg-Brentano method and reciprocal space mapping). 
Large tensile strains of 2% can be achieved in thicker films of up to 100 nm. On the other 
hand, the films under larger tensile strain have cracks and reveal ordered superstructures 
in HRTEM images which are tentatively attributed to ordered oxygen vacancies. The 
Curie temperature and the magnetic moment of the x = 0.18 films increases towards 
larger film thickness in qualitative agreement with the joined effects of strain relaxation 
and finite thickness on magnetic ordering. In order to separate the direct strain effect 
from the thickness effect, the Curie temperature, the magnetic moment and the (rather 
large) coercivity of the films have been investigated in two electrically controlled strain 
states for a film on PMN-PT. Non-cracked, sufficiently thick x = 0.18 films show 
metallic behaviour with large magnetoresistance. The crack-free x = 0.3 films on LSAT 
undergo an insulator-to-metal transition with increasing thickness and also show large 
magnetoresistance, both consistent with a percolative transport behaviour. The spin state 
of the Co ions appears to remain unchanged in the investigated doping range.              
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Chapter 1 
 
Introduction 
 
Transition metal oxides (TMO) are a class of materials displaying a large variety of 
physical properties which are related with the nature of the d electrons, e.g. their 
variable localized or delocalized character and their anisotropic orbitals. The study of 
TMO led to the discovery of fascinating phenomena such as colossal magnetoresistan-
ce [von Helmolt 93], high-temperature superconductivity [Bednorz 86] and heavy 
fermion behaviour in oxides [Kondo 97]. Much interest has been attracted by the metal-
insulator transitions of TMO compounds where strikingly large alterations in their 
electronic band structure and electrical conduction occur. The strong sensitivity of the 
electrical conduction towards external fields as well as a large spin polarization of the 
conduction band of some compounds makes TMO potential materials for future 
technological applications, e.g. in oxide electronics. On the other hand, slight changes 
in chemical composition, temperature and pressure have a strong influence on the 
electronic properties of TMOs what is a challenge in view of reliable technological 
applications. For instance, in manganese oxide perovskites showing colossal 
magnetoresistance rich phase diagrams as a function of doping level and temperature 
have been established [Schiffer 95, Ramirez 97]. Hydrostatic pressure typically 
stabilizes the ferromagnetic metallic state in this family of materials through a 
mechanism based on the ferromagnetic double exchange interaction [Moritomo 95].  
Epitaxial strain in thin films is another parameter of high impact which may 
substantially affect and modify the physical properties of TMOs. As a well known 
example, strain-induced room-temperature ferroelectricity of SrTiO3 has been reported  
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[Haeni 04]. Under compressive strain, the cuprate superconductor La2-xSrxCuO4 (x = 
0.15) exhibits a transition temperature TC of 51.5 K which is almost two times higher 
than the bulk value [Bozovic 02]. Magnetoelectronic properties of manganites are 
very sensitive toward epitaxial strain. Prominent examples include La1-xSrxMnO3 thin 
films, in which tensile (compressive) strain induces an insulator-like behaviour for x 
= 0.3, 0.4 and 0.5, whereas for x = 0.1 a spectacular increase of the metal-insulator 
transition temperature  to the twofold bulk value has been observed which is ascribed 
to a compressive-strain-induced reduction of the Jahn-Teller distortion [Konishy 99, 
Chen 05].  
Unusual and unique effects on the magnetoelectronic properties of perovskite 
cobaltites with the general formula La1-xSrxCoO3 (LSCO) as a function of doping, 
temperature, hydrostatic pressure and epitaxial strain have been discovered and 
initiated further studies of this perovskite-type system, now in the form of thin films. 
In contrast to other TMOs, the Co ions in La1-xAxCoO3 (A = non-trivalent doping 
metal) possess an extra degree of freedom which is a changing spin state (among low, 
intermediate and high spin states) of Co ions due to the delicate balance between 
crystal-field splitting ∆CF and intra-atomic exchange energy Jex (Hund´s on-site 
coupling). These spin state transitions of the Co ions govern the magnetism and the 
electrical conduction and are quite sensitive to external parameters such as 
temperature, hydrostatic pressure or doping level. Hence, one may utilize this 
particular property for an external control of magnetism in spintronic devices, for 
instance using electrically tunable lattice distor-tions to change the Co spin state. In 
bulk, the ground state of the undoped LaCoO3 is a nonmagnetic insulator since Co3+ 
ions assume a low-spin (LS) state. Doping with Sr leads to a gradual increase of the 
magnetic moment and orders such that for x ≥ 0.18 the system becomes 
ferromagnetic. At the same time, the resistivity decreases with increasing doping and 
for x ~ 0.18 the system undergoes a transition to metallic state.  
La0.82Sr0.18CoO3 is directly at the phase boundary between a ferromagnetic metal 
phase and an insulating spin glass phase. The 18% doped cobaltite as a single-crystal 
shows a pressure-induced insulator state with strong suppression of electrical 
conduction and magnetization which originates from a pressure-controlled transition 
of Co ions into the low-spin LS state. The microscopic mechanism is suggested to be 
the increase of the crystal-field splitting energy ∆CF under pressure [Lengsdorf 04, 
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07]. Epitaxial biaxial strain in thin films can alter the crystal-field splitting of the B 
ion in ABO3 perovskites  
by tetragonal distortion of the oxygen octahedra. If rotation of the octahedra is 
excluded, tensile strain would decrease and compressive strain would increase ∆CF. 
Hence, control of the magnetic moment of Co ions by epitaxial strain might be 
possible, and has been demonstrated by Fuchs et al. for LaCoO3 films [Fuchs 08]. 
La1-xSrxCoO3 surprisingly shows insulator characteristics in thin films under strong 
tensile strain [Rata08], the origin of which had not been clarified. Indeed, little work 
has been done in the magnetism and electronic nature of strained cobaltite thin films 
in general. Therefore, the available information on how the strain alters the 
magnetoelectronic properties of them is quite limited. LSCO (x ~ 0.18) films had not 
been studied before. This thesis describes the effects of varied strain states on the 
electronic properties of epitaxially grown La0.82Sr0.18CoO3 films and includes a part 
on electrical transport in weakly tensile strained La0.7Sr0.3CoO3 films which is 
required for a better understand-ing of electrical conduction in nominally metallic 
cobaltite films. 
In Chapter 2 the fundamental physics of the structural, magnetic and electrical 
properties of cobaltites are introduced.  
Chapter 3 deals with the preparation of the films by pulsed laser deposition and the 
techniques used to characterize them. 
Chapter 4 describes the effects of epitaxial strain and film thickness on the lattice 
structure, microstructure, magnetization and electrical conduction based on thickness-
dependent film series on lattice-mismatching single-crystalline substrates. 
Piezoelectric substrates PMN-PT(001) have been used to apply reversible biaxial 
strain to some films for the direct investigation of strain-dependent magnetization. 
In Chapter 5 epitaxial films of La0.7Sr0.3CoO3 grown on LSAT(001) substrates in a 
thickness-dependent series are discussed regarding the influence of strain, microstruc-
ture and thickness for the observed crossover from metallic to insulating character 
with reduced film thickness. The microstructure of films in various strain states has 
been investigated using transmission electron microscopy with atomic resolution. 
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Chapter 2 
 
Structure, magnetism and electrical transport of La1-xSrxCoO3 
 
2.1 Crystal structure of La1-xSrxCoO3  
 
Perovskite-type and perovskite-related materials are important due to their diverse elec-
tronic properties over a wide temperature range. An ideal perovskite structure has an 
ABO3 composition and a cubic crystal structure, which is composed of a three-
dimensional framework of corner-sharing BO6 octahedra. The A-ion (e.g., La, Pr, Eu, 
Sm,…) occupies the corner site of the cube, while the B ion (transition metal ion, e.g. Co, 
Mn,…) is located in the center of  the oxygen octahedron as seen in figure 2.1. 
 
 
 
 
 
 
 
 
Figure 2.1: The unit cell of ABO3 perovskite where the B ion (red) is enclosed by an oxygen 
octahedron (blue) inside a simple cubic lattice of A atoms (green). 
 
In 1926 Goldschmidt [Goldschmidt 26] proposed a “tolerance factor” t to describe the 
stability of the perovskite structure in dependence on the radii of A and B ions. From 
tjtrrr 
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geometry it is possible to characterize the distortion using bond lengths dA-O and dB-O 
as: 
                                                  
OB
OA
d
d
t
−
−
=
2
                                                (2.1) 
The t value of an ideal perovskite structure is equal to 1. Structural studies based on 
powder x-ray and neutron diffraction experiments show that at T ≤ 300 K  the parent 
compound LaCoO3 crystallizes in a rhombohedral perovskite structure with the space 
group cR
−
3 in which its lattice parameter is arh = 5.3778 Å and its lattice angle is αrh = 
60.798° [Thornton 86]. For convenience the rhombohedral perovskite structure of 
LaCoO3 will mostly be described in terms of a pseudocubic (pc) unit cell whose axes 
correspond to those of the aristotype (ideal perovskite). The pseudocubic lattice 
parameter apc defined as 2/rha  is 3.803 Ả, while the pseudocubic angle αpc, which 
is calculated with the expression [ ])3cos2/()cos21(arccos −− rhrh αα  has a value of 
90.69° which is somewhat smaller than the experimental value for the O-Co-O bond  
 
 
 
Figure 2.2: La1-xSrxCoO3 crystal structure [Takami 07]. 
 
angle η = 91.26° at room temperature [Radaelli 02]. This deviation may be related to 
the irregularity of the CoO6 octahedra in the sense of a varying Jahn-Teller distortion 
causing different Co-O bond lengths. The rhombohedral distortion is a consequence 
of the reduced Goldschmidt tolerance factor in LaCoO3 (t < 1), which results from the 
fact that the La ion is somewhat smaller than needed for a cubic structure. The 
distortion is associated with a rotation of the CoO6 octahedra by an angle Φ around 
the (111) pseudocubic direction which reduces the symmetry from cubic to 
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rhombohedral.  An increase of the tolerance factor toward the cubic  structure (t = 1) 
would be associated with a decrease of Φ, αrh and αpc toward 0°, 60° and 90° 
respectively. This would be achieved by increasing dA-O either by doping with Sr (La1-
xSrxCoO3) for x > 0.5 or by increasing the temperature due to the thermal expansion 
[Fuchs 09]. In figure 2.2 the crystal structure of La1-xSrxCoO3 is shown. 
 
2.2 Crystal field and Jahn-Teller effect 
 
The crystal field (CF) is an electric field which derives from the neighbouring atoms 
in the crystal. The size and shape of the crystal field depend crucially on the 
symmetry of the local environment, e.g. the octahedral environment in LaCoO3. The 
crystal field here particularly is determined by the Coulomb repulsion from the 
oxygen octahedra which surround the Co ions. In figure 2.3, the oxygen ions (ligands) 
are located on the coordinate axes (x, y, z). The d orbitals (figure 2.3) are classified in 
two types: 
i) t2g orbitals, whose lobes lie diagonally between the x, y and z axes (dxy, dxz and dyz). 
Since CF is largely produced by p orbitals on neighbouring atoms, t2g orbitals have a 
lower overlap with these orbitals and hence have a lower electrostatic energy. 
ii) eg orbitals, which point along these axes ( 2zd and 22 yxd − ). They overlap more with 
the neighbouring p orbitals, having thus a higher energy.  
 
 
 
Figure 2.3: The shapes of 3d orbitals in cubic coordination [Humphreys 99]. 
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The d levels of a single TM ion (l = 2) are fivefold (2l+1) degenerated. In the crystal, 
the spherical symmetry of the surrounding is removed due to the anisotropic CF so 
that the fivefold orbital degeneracy will be lifted, leading to the crystal-field splitting 
of the energy levels (∆CF). The three t2g and the two eg orbitals are degenerated in an 
octahedral symmetry. The crystal field splitting between t2g and eg levels has values 
of ∆CF  ~ 1-2 eV.  
The Jahn-Teller theorem states that “any non-linear molecular system in a degenerate 
electronic state will be unstable and will undergo distortion to form a system of lower 
symmetry and lower energy thereby removing the degeneracy” [Jahn 37]. The 
distortion of the oxygen octahedra in LaCoO3 costs elastic energy, but wins electronic 
energy if the eg state is, e.g., occupied by a single electron. The distortion produces an 
additional splitting among the eg and the t2g levels referred to as the Jahn-Teller 
(splitting) energy (see figure 2.8 below).    
 
2.3 Double exchange 
 
Exchange interactions are essential to establish any long-range magnetic order. They 
arise due to the Pauli exclusion principle and the Coulomb energy from the 
overlapping electronic wavefunctions in a material [Blundell 03]. It is possible to 
have a ferromagnetic exchange interaction because the magnetic ions show a mixed 
valency/oxidation state and electrons are mobile between these ions through a 
hybridised band with the oxygen orbitals. A well-known example is that of perovskite 
manganites for which the term “double exchange” (DE) has been first introduced 
[Zener 51].   
La1-xSrxMnO3 is related to La1-xSrxCoO3 and shows the same kind of double exchan-
ge. It contains the Mn ion in the oxidation states of Mn3+ and Mn4+. The eg electrons 
are mobile between the Mn3+ (3d4) and Mn4+ (3d3) ions, since the eg levels form 
narrow bands with the intermediate oxygen 2p orbitals. Due to Hund’s first rule, the 
spins of all 3d electrons align parallel within the Mn ions. Any eg electron that hops 
on to a neighbouring site keeps its spin direction conserved. Thus, the probability of 
the hopping process depends on the angle between the spins of the t2g electrons of 
neighbouring Mn sites. On the other hand, the moving electrons mediate a ferromagn- 
2. Structure, magnetism and electrical transport of La1-xSrxCoO3
 
9 
etic exchange interaction. Zener explained the exchange between Mn3+ and Mn4+ ions 
via an oxygen ion and introduced the concept of simultaneous transfer of one electron 
 
 
 
Figure 2.4: Scheme of the double exchange mechanism. Arrows indicate simultaneous 
electronic hopping as a kind of “double jump”. 
 
from the Mn3+ to the oxygen and another electron from the oxygen to the neighbou-
ring  Mn4+ (figure 2.4); this idea underlies the term “double” exchange. 
 
2.4 Magnetic and electrical properties of La1-xSrxCoO3 
 
Mixed valence manganites La1−xSrxMnO3 (LSMO) and cobaltites La1−xSrxCoO3 
(LSCO) with perovskite structure are of particular interest because they reveal a rich 
variety of crystallographic, electronic and magnetic phases. They led to the formulat-
on of new physical concepts and the discovery of phenomena such as double exchan-
ge (DE), Jahn-Teller polaron, and the colossal magnetoresistance (CMR) in thin films 
[Coey 99, von Helmolt 93, Caciuffo 99, Zener 51]. Ferromagnetism (FM) in metallic 
LSMO and LSCO is a result of the double-exchange (DE) mechanism. DE plays a 
key role in many of the properties of these oxide systems such as the large MR 
[Dagotto 02, Wu 03, Kuhns 03]. In the phase diagrams of LSMO [Ramirez 97] and 
LSCO [Itoh 93] (figure 2.5) both  systems exhibit a phase transition from an 
insulating to a FM metallic ground state near x = 0.18. In the low-doping range, 
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LSMO exhibits antiferromagnetism (AFM) for x < 0.1, while LSCO has a spin-glass 
phase in this range. A large negative magnetoresistance (MR) of doped LSCO occurs  
  
 
Figure 2.5: Phase diagrams of LSMO and LSCO. Abbreviations denote: P-paramagnetic, 
F-ferromagnetic, C-canted antiferromagnetic, SG-spin glass, CG-cluster glass, I-insulator, 
M-metal. 
 
near the Curie temperature, in similarity to the CMR observed in manganites, only in 
LSCO it is smaller than in the manganites. The smaller MR of cobaltites has been 
attributed to the absence of a strongly insulating phase such as a charge and orbitally-
ordered antiferromagnetic one, as it occurs in manganites [Aarbogh 06]. For x = 0 the 
La1−xSrxCoO3 is a nonmagnetic insulator, but as doping is enhanced the magnetic 
moment increases rapidly, and the Curie temperature TC reaches a plateau of 230-250 
K for x = 0.3-0.5 (figure 2.5). The doping-dependent enhancement of magnetic order 
has been interpreted as arising from the ferromagnetic clusters: their number and/or 
size increase with doping, until percolation of clusters into a long-range 
ferromagnetically ordered state occurs at x = 0.18. Figure 2.6 (a) shows the 
temperature dependence of the magnetization M for single-crystal samples in the 
range x = 0.09-0.5. For x = 0.5, a ferromagnetic behaviour with maximum TC = 250 K 
is observed. As x decreases from 0.3 to 0.18, TC experiences a gradual decrease from 
about 225 K followed by a steep drop to 165 K at x = 0.18. For x = 0.18, the zero-
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field-cooled (ZFC) magnetization shows a distinct cusp at a temperature below TC 
which develops into a sharp cusp typical for spin glass (SG) behaviour for further 
reduction of doping. With a decrease in x also the field-cooled (FC) magnetization is 
considerably reduced in magnitude. From the M(H) loops (figure 2.6 (b)) it is obvious 
that the saturation magnetization mS displays a moderate increase of about 0.5 µB/Co 
with increasing x from 0.17 to 0.3, and the remanence, the saturation field and the 
 
 
  Figure 2.6: (a) Temperature dependence of the magnetization of single crystals for 
different dopings. ZFC curves are shown as open symbols, FC ones as solid symbols [Wu 
03]. (b) Magnetization hysteresis loops for different doping [Aarbogh 06]. 
 
coercivity HC vary more strongly. At lower doping (x<0.18) a non-saturating 
component at high magnetic fields is observed. This is interpreted as the signature of 
both the effect of the field on the non-FM matrix and the alignment of the 
ferromagnetic clusters. On the other hand, as doping increases, HC decreases rapidly. 
A strong decrease near x = 0.18 is related to the coalescence of the FM clusters into a 
long-range ordered network [Aarbogh 06].  
The resistivity of the single-crystals is shown in dependence on temperature in figure 
2.7(a). It varies strongly as a function of doping [Kriener 04, Aarbogh 06]. The 
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undoped, i.e. x = 0, LSCO is an insulator. The resistivity decreases with increasing 
Sr+2 content. Above  x ~ 0.18 it shows a metallic temperature dependence over the 
entire temperature range. For x = 0.18, 0.25 and 0.3, a distinct anomaly near the Curie 
 
Figure 2.7:  (a) Temperature dependence of the resistivity for different dopings [Kriener 
03]. (b) Magnetoresistance as a function of doping [Aarbogh 06]. 
 
temperature is observed in the ρ(T) curves (figure 2.7 (a) inset) as the response of 
transport to magnetic ordering. This reveals that, as the material tends towards long-
range ferromagnetism, it becomes increasingly metallic, in agreement with an 
underlying double exchange mechanism. The MR of LSCO at different doping is 
shown in figure 2.7 (b). At higher doping, when the material is a ferromagnetic metal, 
the MR is negative of just a few percent and occurs mainly near TC. This is in 
resemblance to the ferromagnetic LSMO, only the MR is smaller. With decreasing 
doping the MR increases reaching about 25% for x = 0.18 [Aarbogh 06]. As the 
doping is reduced further the MR increases such that for x = 0.09 it is as high as 90% 
at low temperatures [Wu 03]. 
 
2.5 Spin states  
 
Cobaltites have received attention due to a unique property, namely the existence of 
Co spin-state transitions. In the ground state, the parent compound LaCoO3 is a 
nonmagnetic insulator. At low temperatures, the magnetic susceptibility of LaCoO3 
increases exponentially with temperature exhibiting a maximum near 100 K. At 
higher temperatures, a second anomaly is observed around 500 K, which is 
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accompanied by a semiconductor-to-metal transition. This unusual temperature 
dependence of the susceptibility has been initially interpreted by the thermally 
populated high-spin model [Asai 89]. In this model, the maximum near 100 K was 
ascribed to a change of the spin state of the Co3+ ions, i.e. a transition from a low-spin 
(LS) nonmagnetic ground state ( 062 gg et , S=0) to a high-spin (HS) state ( 242 gget , S=2). 
The estimated energy difference between the LS and HS states is rather small, 10 to 
80 meV [Raccah 67, Asai 94], which allows thermal excitation into a HS state. 
However, for T ≥ 90 K recent experimental and theoretical results are rather 
contradictory. X-ray absorption spectroscopy (XAS) [Haverkort 06] and inelastic 
neutron scattering (INS) [Podlesnyak 06] measurements showed a gradual transition 
into a HS configuration of the Co3+ ions with increasing T, while electron energy loss 
spectroscopy (EELS) data suggested that for T > 90 K a Jahn-Teller active interme-
diate spin state (IS) ( 152 gg et , S = 1) is formed [Klie 07]. In such a configuration the eg 
level is partially filled, therefore the IS state is Jahn-Teller active. The degeneracy of 
the eg orbitals of the Co3+ ions is expected to be lifted in the IS state by a Jahn-Teller 
distortion [Maris 03]. From the theoretical side, Korotin et al. based on LDA+U 
calculations suggested that the transition in LaCoO3 at around 90 K is of LS-IS 
character and showed that the IS state is stabilized due to the large hybridization 
between the Co eg and O 2p levels, as well as by the orbital ordering effect [Korotin 
96]. On the other hand, Hartree-Fock calculations [Zhuang 98] and a recent ab initio 
approach based on quantum chemical wavefunction analysis [Hozoi 09] favor the HS 
state configuration.  
The spin state of the Co ions in doped La1-xSrxCoO3 is complex, too, and in the 
general case, a mixture of spin states could be present. It is generally accepted that 
replacing La3+ by Sr2+ creates formally Co4+ ions and that the double exchange 
between Co4+ and the remaining Co3+ leads to a ferromagnetic coupling [Louca 99, 
03]. A recent inelastic neutron scattering (INS), electron spin resonance (ESR) and 
nuclear magnetic resonance (NMR) study has proposed that in lightly hole-doped  
La1-xSrxCoO3 with x = 0.002 the holes extend over the neighboring Co sites forming 
spin-state polarons and transform all involved Co3+ ions to the IS state, while the Co4+ 
ions are suggested to be in the LS state [Podlesnyak 08]. At higher doping, various 
theoretical [Tsutsui 99] and experimental [Chainani 92, Munakata 97] approaches 
support the coexistence of HS and IS states of Co3+ ions. From electronic structure 
2. Structure, magnetism and electrical transport of La1-xSrxCoO3
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calculations on La1-xSrxCoO3 [Ravindran 02] it was suggested that for x = 0.5 the 
Co3+ ions are in the IS state. A detailed magnetization and magnetotransport study of 
Wu and Leighton [Wu 03] made the point that the intermediate spin state of both Co 
ions is stable over a very wide composition range (0.2 < x < 0.7). One year later, 
magnetization and magnetotransport measurements for x ≤ 0.3 confirmed that Co3+ 
ions are in the IS state while Co4+ ions are expected to be in the LS state [Kriener 04]. 
The energy gap between the LS and HS states is expected to be far larger than the gap 
between the LS and IS states [Ravindran 02], meaning that compounds such as La1-
xSrxCoO3 with a Co3+ IS ground state (at least for 0.2 < x < 0.7) are unlikely to 
display thermal excitation to the HS state. However, the spin state of the Co4+ remains 
an open issue: it is not yet clear which spin states are present and whether or not spin 
state transitions take place as a function of temperature in the Sr-doped system.  
Figure 2.8 represents the spin states of La1-xSrxCoO3 for x ≥ 0. 
  
  Figure 2.8: Spin states in La1-xSrxCoO3: the three spin states of Co3+ ions in LaCoO3 
(upper panel) and the spin states allowing double exchange between Co3+ and Co4+in 
doped compounds (lower panel).   
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2.5 Effects of pressure and epitaxial strain on the electronic state of 
La1-xSrxCoO3 
 
External parameters like hydrostatic pressure, bi- and uniaxial stress in films and 
electromagnetic fields can have a strong impact on the electronic and magnetic 
properties of strongly correlated transition metal oxides (TMO). Particularly, these 
parameters have an unusually strong influence in ABO3 (B = Mn or Co) perovskites 
near the metal-insulator (MI) transition which is governed by a sensitive balance of 
orbital, charge and spin degrees of freedom. The MI transition may occur due to 
changes in temperature, magnetic and electric fields, external pressure and epitaxial 
strain, or doping. As an example, doped lanthanum manganites show the colossal 
magnetoresistance (CMR) in high magnetic fields which is associated with a MI 
transition [von Helmolt 93, Tokura 06]. The electronic state of manganite films is 
very sensitive towards elastic epitaxial strain. For instance, it has been found that 
La0.9Sr0.1MnO3 films grown on SrTiO3 substrates show a metal-insulator transition 
temperature two times higher than the TMI bulk value, which has been attributed to a 
reduction of the Jahn-Teller distortion by the epitaxial compressive strain [Chen 05]. 
Using piezoelectric materials as substrates which provide an electrically controllable 
uniform biaxial in-plane strain (e.g. PMN-PT [Biegalski 10]) allows for a direct strain 
control of magnetic and electrical properties of thin films. Examples include the large 
strain-mediated magnetoelectric coupling at room temperature, increased 
magnetization and a pronounced TC enhancement of La0.7A0.3MnO3/PMN-PT (A = Sr, 
Ca) [Dörr 06, 09, Thiele 07] as well as the huge elastoresistance of phase-separated 
(Pr1-yLay)0.7Ca0.3MnO3 films on PMN-PT [Dekker 09].  
High pressure investigations give further information about the delicate balance 
between lattice structure, magnetism and electron mobility. Again, there are 
numerous studies available for the sister class of compounds, the perovskite 
manganites, whereas the published work on cobaltites is limited. For instance, 
La3/4Ca1/4MnO3 shows structural modifications under increasing pressure which were 
interpreted as changes in the coherence length of the collective Jahn-Teller distortions 
[Meneghini 01]. In La0.85Sr0.15MnO3 an enhancement of electron hopping with 
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increasing pressure has been found, i.e. pressure stabilizes the ferromagnetic metallic 
state based on the double exchange mechanism [Moritomo 95]. 
 
  
 
Figure 2.9: Temperature dependence of the electrical resistivity of La0.82Sr0.18CoO3 at 
various pressures [Lengsdorf 04].  
 
 
 
 
Figure 2.10: Model of the pressure-induced insulator state [Lengsdorf 04]. 
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Remarkable pressure and strain responses are observed for cobaltites, too. Recent 
studies on the effect of hydrostatic pressure on electronic, magnetic and structural 
properties of ferromagnetic conducting La0.82Sr0.18CoO3, located at the MI boundary 
of x = 0.18 have revealed that a transition from the conducting state to an insulating 
state occurs under high pressure. The observation of a strong increase of the electrical 
resistivity (figure 2.9), i.e. suppression of electron hopping along with a reduction of 
TC with increasing pressure is unexpected and contrary to the results reported on 
related transition metal oxides, e.g. manganites. This unusual behaviour is explained 
by a pressure-induced transition from the magnetic intermediate spin state (IS) to a 
nonmagnetic low spin state (LS) of the Co3+ ions [Lengsdorf 04, 07]. Figure 2.10 
illustrates the schematic mechanism of how pressure suppresses the electron hopping 
by enhancing the crystal-field splitting and, thus, depopulating the eg electronic states. 
The eg electron hopping from IS Co3+ to LS Co4+ is responsible for the conductivity of 
18% doped LSCO. Increasing pressure would enhance the crystal-field splitting ∆CF 
of the Co3+ (∆’CF > ∆CF) which leads to a depopulation of the IS Co3+ state and its 
crossover to the LS Co3+ state. Hence, the eg hopping is suppressed, whereas t2g 
hopping is negligibly small.  
Cobaltite thin films have attracted considerable attention in recent years, because little 
is known about the effects of epitaxial strain and finite thickness on the unique 
magnetic properties related to spin-state transitions and magnetoelectronic phase 
separation. For undoped LaCoO3 (LCO) films, it has been shown that their magnetic 
properties can be tuned by strain. This was achieved by growing LCO films on 
different substrates which provide various strain states due to lattice mismatch. 
Polycrystalline LCO films do not exhibit magnetic ordering down to 10 K, but only a 
paramagnetic behaviour in similarity to bulk LCO. In contrast, films under biaxial 
compressive or tensile strain show ferromagnetic hysteresis below TC ≈ 85 K which 
systematically depends on the level of strain [Rata 10, Pinta 08, Fuchs 07, 08, 09]. 
Fuchs et al. proposed two potential mechanisms contributing to a tensile-strain-
induced ferromagnetism: 1) tensile strain causes a tetragonal distortion of the 
rhombohedral crystal structure resulting in a decrease of ∆CF which, as a consequen-
ce, would stabilize higher spin states, and 2) epitaxial strain may suppress the Jahn-
Teller distortions around Co3+ (IS) ions which is expected to change the 
superexchange interaction from antiferromagnetic to ferromagnetic according to the 
Goodenough-Kanamori rules [Fuchs 07]. The reversible strain effect on the FM state 
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of epitaxial LCO films grown on piezoelectric PMN-PT substrates confirms that the 
FM state is stabilized (visible an enhancement of TC and magnetization) by tensile 
strain [Herklotz 09]. The observed increase of the Co saturated magnetic moment 
with increasing tetragonal distortion (which means the ratio of lattice parameters a/c) 
gives evidence for the important role of strain in the occurrence of ferromagnetism in 
LCO thin films [Rata 10].  
Even larger strain responses are observed for the electrical conduction of                
La1-xSrxCoO3 (x = 0.15, 0.25, 0.30, 0.35 and 0.5) films in various strain states 
[Prokhorov 02, Loshkareva 03, Rata 08, Fuchs 04, 05, Torija 08]
.
 Films with x ≤ 0.25                                                               
 
 
Figure 2.11: Temperature dependence of the electrical resistivity of La0.7Sr0.3CoO3 in two 
strain states, i.e. on LaAlO3(001) and PMN-PT(001) substrates. Adapted from Rata et al. 
[Rata 08]. 
 
grown under strong tensile strain on SrTiO3 substrates show insulator behaviour 
which has been discussed in a phase separation scenario with metallic ferromagnetic  
clusters in an insulating matrix [Prokhorov 02]. Additionally, Prokhorov et al. have      
found that the MI crossover in the ground state of LSCO films takes place at a higher 
doping (x ≈ 0.25) than in bulk LSCO [Prokhorov 02]. However, it turned out later that 
one should carefully distinguish between strain-induced and defect-related insulator 
states. When grown under strong tensile strain, e.g. on SrTiO3, cobaltite films beyond 
a certain thickness tend to crack [Fuchs 09, Biasotti 10, Bilani–Zeneli 10, Herklotz 
10a]. When the tensile strain is moderate and the thickness is the only varying 
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parameter, films with x = 0.3 grown on LSAT(001) substrates exhibit a reduction of 
TC with decreasing thickness, which has been ascribed to a finite-size effect [Fuchs 
05, 09]. It has been suggested that an inhomogeneous magnetic state with 
ferromagnetic and less-ordered regions on the scale of several ten nanometer may 
cause a finite-thickness dependence of TC which is notable at larger thicknesses than 
in a homogeneous ferromagnet [Fuchs 04, 05]. Typically, the finite thickness of 
ferromagnetic films affects TC notably only for thicknesses below about 100 unit 
cells. 
A drastic effect of the different strain states on the electrical transport of LSCO (x = 
0.3) films is observed by Rata et al. [Rata 08]. Films under in-plane compressive 
strain, i.e. grown on LaAlO3 substrates, display a metallic behaviour similar to that of 
the bulk compound, while at medium to large in-plane tensile strain, e.g., in films 
grown on SrTiO3 or PMN-PT, the insulator state is found (figure 2.11). Since the 
ferromagnetic ordering temperature remains high (~ 200 K), a coexistence of the 
hole-rich FM metallic and hole-poor insulating nonmagnetic clusters without 
percolation of the metallic phase is likely. For higher doping beyond x = 0.3,          
La1-xSrxCoO3 bulk samples are oxygen-deficient under normal conditions. It has been 
shown that La0.5Sr0.5CoO3 thin films are very susceptible to deposition conditions, e.g. 
the pressure background ArO PP 2 and the film thickness [Torija 08]. A low deposition 
pressure results in a non-ferromagnetic behaviour and insulating transport 
characteristics, while at a high pressure background films reveal strong ferromagne-
tism and metallic conductivity, indicating alower oxygen content in films grown 
under low pressure. With increasing thickness the films show an insulator-metal 
transition, which has been interpreted by the authors as being due to the above 
mentioned magnetoelectronic phase separation scenario [Torija 08]. Since little work 
has yet been done in cobaltite thin films for lower Sr doping, the effects of thickness 
and elastic strain on electronic and magnetic properties of La1-xSrxCoO3  films with     
x = 0.18 located at the metal-insulator boundary in the phase diagram are of 
particularly strong interest.  
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Chapter 3  
 
 
Thin film preparation and characterization techniques 
 
3.1 Pulsed laser deposition 
 
 
Pulsed laser deposition (PLD) is a thin film growth technique. In 1965 Smith and Turner 
were the first to prepare thin films of semiconductors and dielectrics by means of PLD 
[Smith 65]. However, only in 1987 when Dijkkamp et al. [Dijkkamp 87] obtained an in-
situ growth of high temperature superconducting films, PLD developed rapidly, 
becoming thus a versatile wide-spread technique for thin film growth. One of the biggest 
advantages of the PLD is the stoichiometry transfer of the material, i.e. the stoichiometry 
of the deposited film is very close to that of the target even for complex materials when 
an appropriate laser energy density is chosen [Roas 88, Lowndes 96]. In addition, due to 
the pulsed nature of PLD the film growth rates can be easily controlled [Willmott 00]. 
During the deposition process, apart from atoms and ions, larger particulates of the target 
material called “droplets” can also be deposited on the substrate surface, as one of the 
drawbacks of the PLD technique [Kramer 03]. By proper choice of the deposition 
parameters, polishing the target surface to remove eroded areas, and rotating the target 
continuously during deposition, the formation of these droplets can be minimized. Even 
more effective is the off-axis deposition geometry (i.e. the substrate is oriented perpendi-
cular to the target and parallel to the plume expansion direction) for avoiding the droplet 
deposition. Film surfaces are smoother and have fewer droplets in comparison with those 
prepared using the on-axis geometry (i.e. the surfaces of substrate and target are parallel) 
[Holzapfel 92].     
In figure 3.1 the PLD set-up is shown schematically. An intense laser pulse passes 
through the optical window of the vacuum chamber and hits the surface of a rotating tar-  
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get. At sufficiently high energy densities and short pulse duration (few ns), all elements 
in the target are rapidly heated up to far above their evaporation temperature, thus 
forming a plasma plume. The critical energy density needed for the ablation depends on 
the target material, its morphology and the laser pulse wavelength and duration [Willmott 
00]. The content of the plasma plume (ions, electrons, atoms, radicals and clusters) 
interacts with the background gas and the laser light, reducing the particle energy to few 
ff 
 
Figure 3.1: Scheme of the pulsed laser deposition chamber used in the present work. 
  
eV or less. The plume impinges onto the rotating substrate surface upon which some of 
the material condenses, and the film growth occurs. The film deposition can take place in 
ultra-high vacuum (UHV) or an ambient background gas. In the case of oxide films, 
oxygen is the most common background gas in order to achieve a sufficient amount of 
oxygen in the film. For instance, for the growth of oxide superconductors (YBa2Cu3O7-x), 
the oxygen partial pressure was chosen in the range of 0.1-0.3 mbar [Roas 88].  
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The experimental parameters play an important role for the film properties. During the 
deposition the laser parameters (laser fluence, wavelength, pulse duration and repetition 
rate) and the growth parameters (target-to-substrate distance, background gas and 
pressure, substrate temperature) can be varied, making the PLD a versatile technique for 
the deposition of a large number of materials like all kinds of oxides, metals, carbides, 
nitrides, etc. [Krammer 03]. 
A krypton fluoride (KrF) excimer laser with a wavelength λ = 248 nm (Lambda Physik 
model LPX 305i) is used for the present work. Before entering the chamber, the laser 
light is led through an aperture which would select only the homogeneous part of the 
gaussian light profile. The aperture is then projected onto the target by a focusing lens, 
which serves to enhance the energy density on the target. The chamber is equipped with a 
target carousel where up to six targets can be mounted. The laser energy is measured 
inside the chamber by an energymeter (Molectron 3Sigma with J50 detector) before each 
film deposition. The laser pulses with a pulse duration τ = 20-50 ns and a controlled 
repetition rate f = 1-50 Hz yield an energy from 450 mJ to 530 mJ per pulse and an 
energy density of the order ~ 3 J/cm2. The optimum energy density depends on the target 
used and can be adjusted by controlling the internal energy supply of the laser. A 
conventional rotary pump is used to evacuate the vacuum chamber which can provide a 
base pressure of ~ 10-3 mbar. The oxygen pressure in the chamber is controlled using a 
MKS 651C pressure controller and a MKS 247C four-channel readout.  
The substrate is placed in a home-made ceramic oven wound with Kanthal wire. The 
temperature in the oven can be varied from 400 °C to 900 °C, while the substrate 
temperature is controlled by a thermocouple located ca. 5 mm away from the substrate. 
For all the films of this work the target-to-substrate distance is kept at about 6.5 cm. To 
achieve a homogeneous thickness of the films, the substrate is rotated. After the depositi-
on, the films are cooled slowly to room temperature at an oxygen pressure PO2 = 600 
mbar in order to obtain a complete and homogeneous oxygenation of the films. 
Sintered polycrystalline targets of La0.7Sr0.3CoO3 and La0.82Sr0.18CoO3 with a purity of at 
least 99.9% and a diameter of Φ = 20 mm are used which have been bought from various 
suppliers. 
The films are deposited on commercial monocrystalline substrates: SrTiO3 (STO), 
LaAlO3 (LAO), (LaAlO3)0.3(Sr2TaAlO6)0.7 (LSAT), and 0.72Pb(Mg1/3Nb2/3)O3-
0.28PbTiO3 (PMN-PT), all in (001)-orientation. STO has a cubic crystal structure with a  
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lattice parameter a = 3.905 Å [Hutton 81]. LAO is rhombohedral with a = 3.792 Å and α 
= 89.93° [Geller 56]. LSAT has a cubic structure and a lattice parameter a = 3.868 Å [Li 
03]. PMN–PT is a piezoelectric material with close-to-cubic structure, the unpoled 
PMN–PT is rhombohedral with a = 4.022 Å and α = 89.9° [Levin 06], the poled PMN-
PT is monoclinic [Biegalski 10]. A list of the substrates used in this thesis work is given 
in table 3.1. The optimized deposition conditions of the films are summarized in table 
3.2. The growth rates of the films were about 0.01 nm/pulse for La0.7Sr0.3CoO3 and 0.034 
nm/pulse for La0.82Sr0.18CoO3. 
 
 
 
 
 
 
 
 
 
 
Table 3.1: List of the substrates used and their pseudocubic lattice parameter. C and R denote 
the crystal structures cubic and rhombohedral. Chemical compositions given in the text. 
 
 
Table 3.2: Deposition parameters of the films. T denotes the substrate temperature, pO2 the 
oxygen pressure in the deposition chamber, E the laser energy per pulse, f the laser pulse rate. 
 
 
 
 
Substrate 
 
 
Lattice 
parameter 
(Å) 
 
α (°) 
 
 
STO 
LAO 
LSAT 
PMN-PT 
 
3.905 (C) 
3.792 (R) 
3.868 (C) 
4.022 (R) 
 
90 
89.93 
90 
89.90 
 
Film 
 
T (°C) 
 
2Op (mbar) 
 
E (mJ) 
 
f (Hz) 
 
La0.7Sr0.3CoO3 
La0.82Sr0.18CoO3 
 
650-700 
650 
 
3.5×10-1 
4.5×10-1 
 
526 
450-526 
 
3 
3 
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3.2 Structural characterization 
 
3.2.1 X-ray diffraction 
 
Bragg-Brentano geometry 
 
X-ray diffraction (XRD) is a commonly used and non-destructive analytical technique 
that reveals detailed structural information about materials. Diffraction is a scattering 
phenomenon. When x-rays are incident on crystalline solids, they are scattered in all 
directions. In some of these directions, the scattered beams are in phase and show 
constructive interference. This will occur when Bragg’s law is satisfied 
 
                                                   nλ = 2dhkl sinθ     (3.1) 
 
where λ is the wavelength of the x-ray beam, dhkl is the distance between hkl atomic 
planes, n is an integer number and θ is the angle of incidence between the x-ray beam 
and the atomic planes, also called the Bragg angle. For a given λ of incident x-rays and 
interplanar spacing, d, in a material, only specific θ angles will satisfy the Bragg 
equation. The first reflection occurs when the incident beam has an angle θ that satisfies 
the Bragg equation with n = 1, and continued rotation leads to further reflections at 
higher values of θ corresponding to n = 2, 3, ... etc., known as 1st, 2nd, 3rd, …  order 
reflections. 
In thin films, the out-of-plane orientation and lattice parameter are determined by x-ray 
diffraction patterns taken in the Bragg-Brentano geometry. (www.bruker-axs.de/). In the 
conventional Bragg-Brentano (also called θ-2θ) diffraction geometry, only the d spacings 
of those planes parallel to the sample surface are recorded. This is achieved by arranging 
the x-ray source and the x-ray detector and their collimating slits such that the incident 
and reflected beams have equal angles to the sample surface (figure 3.2). As the angle θ 
is varied, reflections occur whenever Bragg’s law (equation 3.1) is satisfied. 
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 Figure 3.2:  Scheme of the x-ray diffraction set-up for Bragg-Brentano geometry. 
 
In this work measurements were performed using a Philips X’Pert diffractometer 
equipped with a diffracted beam graphite monochromator employing Co Kα radiation (λ 
= 1.78897 Å). The voltage and the current of the x-ray tube were 40 kV and 40 mA, 
respectively. A fixed divergence slit with an aperture size of 0.25° (incident beam), an 
antiscatter slit with an aperture size of 2° and a receiving slit with a height of 0.5 mm 
were chosen. X-ray diffraction patterns were collected in the 2θ angle range between 20° 
and 95° with a time per step of 2-8 s and angular steps of 0.01- 0.05°.  
 
3.2.2 Reciprocal space maps and x-ray reflectivity  
 
The high-resolution 4-circle x-ray diffraction is a well established method used to 
characterize in detail the epitaxially strained thin films and multilayer structures. In 
addition to measurements of the lattice constants with high accuracy, strain distributions 
can be investigated. 
Particularly for thin film analysis, reciprocal space mapping (RSM) measurements are 
often carried out. The intensity profile of major Bragg peaks is mapped as a function of 
incidence and scattering angles. The result is a two-dimensional map in reciprocal space 
showing the intensity distribution about the Bragg peak. The measurements in this work 
were carried out with a high-resolution Philips X’Pert MRD four-circle diffractometer, 
equipped with a hybrid mirror/monochromator for Cu-Kα1 (λ = 1.54056 Å), a four-circle 
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goniometer and a programmable slit in front of the detector. Information about the 
coherent or non-coherent growth mode and the in-plane lattice parameters are acquired 
by performing a set of θ-2θ versus ω scans at different ω angles around a non-specular 
reflection, e.g. (310), common to the film and the substrate. 2θ and ω are the detector and 
the sample orientations with respect to the direction of the incident beam (see figure 3.2). 
These scans can be easily mapped onto the reciprocal space. The RSMs were recorded 
around the (013) asymmetric peak of the films. The horizontal and vertical axes are Q 
vectors parallel (Qx) and perpendicular (Qy) to the surface plane, respectively. In- and 
out-of-plane lattice parameters of the film, i.e. af  and cf, can be calculated as: 
s
sf
a
a
aa −
=δ   and  
s
sf
c
c
cc −
=δ          (3.2) 
where δ is the lattice mismatch between the film and the substrate as found by RSM, and 
as = cs is the pseudocubic lattice parameter of the substrate. 
X-ray reflectivity (XRR) [Birkholz 06] carried out by means of θ-2θ scans at very low 
angles (0 < θ < 4°) was employed to determine the thickness of the films. For films 
thicker than 100 nm XRR cannot provide further information due to the rough surface of 
the films. 
 
3.3 Surface morphology 
 
3.3.1 Atomic force microscopy 
 
Since its discovery in 1986 [Binnig 86], atomic force microscopy (AFM) has become a 
powerful tool to image and characterize surfaces at the atomic level. By means of AFM, 
atomic-range forces between the tip and the sample surface are measured. The tip atoms 
closest to the sample surface experience only short range forces (resulting from Pauli 
exclusion principle, bond formation, adhesion, friction), while atoms further away 
experience long range forces (van-der-Waals forces, capillary forces, magnetic and 
electrostatic forces).  
AFM measurements (Digital Instruments 3100 scanning probe microscope with a 
Nanoscope III software) were recorded in tapping-mode, where the tip is in periodic 
contact with the sample [Zhong 93]. The principle of the tapping-mode AFM (TM-AFM) 
is as follows: a non-magnetic sharp tip which is mounted at the free end of a Si-cantilever 
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oscillates with given amplitude at a constant frequency near the resonance of the 
cantilever, tapping gently the surface. When the tip interacts with the surface, its 
oscillating amplitude is reduced. The tip is then moved away from the sample in order to 
reach the previous oscillating amplitude. In this way the tip is scanned across the surface 
of the sample. By measuring the displacement of the tip it is possible to map out the surf- 
 
Figure 3.3: Schematic view of an atomic force microscope (AFM) 
 
ace topography of the sample with atomic resolution in vertical direction. The displa-
cement of the tip is measured via a laser beam that is reflected by the cantilever (figure 
3.3). The tip-sample distance is kept constant by a feedback loop to avoid tip and 
surface damage, and the z-variation of the cantilever at each x, y point of the scanned 
surface is used for the surface topography [Wie 92].  
In this work, the thin films’ surface topology was imaged and their roughness has been 
determined. The surface roughness of the samples is calculated using the software as 
the root-mean-square roughness: 
                                           ∑
=
−=
N
i
irms ZZN
R
1
2)(1                                (3.3) 
    
where N is the number of data points, Zi are the individual heights at the measured 
points, and Z is the average height.  
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3.3.2 Transmission electron microscopy 
 
While AFM is an excellent technique providing information about the surface 
topography of thin films, an understanding of their local crystalline structure is lacking. 
For that a transmission electron microscope (TEM) has been employed in this work. 
Transmission electron microscopy is a standard tool for local structural analysis, in 
epitaxially grown films especially for the detection of defects such as dislocations, twin 
domains, stacking faults, antiphase boundaries, etc. The small wavelength of the 
electrons allows a lateral resolution down to atomic dimensions. Furthermore, the local 
orientation of the film can be determined. Fourier transformation of a selected area can 
reveal the occurrence of superlattice patterns due to ordering of ions or vacancies in the 
lattice. The images were taken by a TECNAI F20 Cs-corrected TEM with an 
acceleration voltage of 200 kV. A cross-sectional investigation of the samples was 
performed.  
 
3.4 Magnetization and electrical transport 
 
3.4.1 Magnetization measurements 
 
The superconducting quantum interference device (SQUID) is a well-established tech-
nique to characterize the magnetic properties of the specimens, i.e. to measure their 
magnetization. SQUID is a very sensitive magnetometer which consists of two 
superconductors separated by thin insulating layers to form two parallel Josephson 
junctions [Clarke 04]. It has a very high resolution and can measure magnetic moments 
m down to 10-7 emu (figure 3.4).  
The magnetization M of the films was measured in a conventional SQUID 
magnetometer (Quantum Design, MPMS-5S) in dependence on both the temperature   
T = 4.2-300 K and the magnetic field µ0H ≤ 5 T. The temperature was controlled by 
liquid helium flow and an internal heater. The magnetic ordering temperature TC of 
ferromagnetic films was determined from temperature-dependent m(T) data sets 
collected at a field of 0.1 T during warming (if not specified otherwise). Most films  
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Figure 3.4: Scheme of a superconducting quantum interference device for the measurement of 
very small magnetic moments. 
 
allow the extrapolation of a sufficiently large linear curve part of m2(T) at T < TC to m = 
0 in order to derive TC.  
Magnetization measurements under varied in-plane strain (see section 4.2.1) require an 
electric field applied to the piezoelectric substrate. A special sample holder with copper 
wires for the voltage supply has been used. Whereas there is a sample holder for 
resistance measurements available from Quantum design, the wiring can also be home-
made. Care must be taken to avoid additional magnetic signals from the wires, or due 
to the flowing current. The voltage is supplied from a Keithley 2410 High-voltage 
source for the strain-controlled measurements using a PMN-PT substrate. In the 
conducted measurements, currents were below 1 µA, typically even below 100 nA.   
 
3.4.2 Electrical transport measurements 
 
The resistance and magnetoresistance measurements of the films were performed in the 
standard four-point geometry in a cryostat equipped with a superconducting magnet 
and in a Quantum Design Physical Properties Measurement System (PPMS), where a 
constant dc current is applied at two opposite ends of the sample and the voltage is me- 
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asured in-between (figure 3.4.2). Thus, the resistance of the wires and the contacts to 
the sample is not included in the measured resistance.  A sufficiently low measuring 
current I ≤ 10 µA has been chosen so that the films showed Ohmic behaviour and no 
electric-field- or current-induced conductivity variations. The resistance and magneto-
resistance have been measured for temperatures between 5 and 300 K and in a 
maximum magnetic field of 7 T. 
 
 
 
Figure 3.4.2:  Schematic representation of four-probe geometry. 
 
The high-field magnetoresistance of some cobaltite thin films has been measured at the 
IFW pulse field facility which provides field pulses of up to 60 T with a 10 ms rise time 
of the field. The magnetic field pulse is generated by discharging a capacitor bank 
(voltage 10 kV, capacitance 20 mF) which stores the energy of 1 MJ. The magnetic field 
is created in a multilayered wire-wound coil, which operates close to the limit where 
magnetic forces on the conducting material or extensive heating can destroy it. 
Therefore, the high-field coil operates in a liquid-nitrogen bath at 77 K. For magnetoresi-
stance measurements, the data acquisition system consists of (i) a sample holder for a 
sample contacted in four-point geometry which is placed in a helium flow cryostat 
capable of stabilizing temperatures from 1.5 K up to 300 K, (ii) a voltage generator 
DS345 and a reference resistor Rn, (iii) a digital oscilloscope (Yokogawa DL750) for fast 
data collection and (iv) a temperature controller. The time-dependent resistance R(t) 
during the measuring time t is calculated from measured values of current I(t) and 
voltage U(t) on the sample. (Further details can be found elsewhere [Krug 01, Kozlova 
05].) 
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3.5 Application of reversible strain 
 
Reversible uniform biaxial strain can be applied to thin films grown epitaxially on the 
piezoelectric pseudocubic material of Pb(Mg1/3Nb2/3)0.72Ti0.28O3 (PMN-PT) [Thiele 05, 
07, Dörr 09, Biegalski 10]. PMN-PT is known as a ferroelectric that can produce record 
piezoelectric strains. It is available as single crystals and, thus, has been proposed to be 
used as substrate for thin film growth. The PMN-PT substrates employed in this work 
were provided by Morgan Electro Ceramics, Ohio in the form of 1 cm x 1 cm x 0.05 cm 
large platelets of pseudocubic (001) orientation. On both sides, they contain electrodes 
which consist of a 25 nm NiCr adhesion layer followed by a thick layer of gold of about 
450 nm. In order to use the (001)-cut PMN-PT crystals as thin film substrates, one of the 
electrodes has been removed and the surface was polished (CrysTec GmbH). By 
polishing, the thickness of the PMN-PTs is fixed to a chosen value between 0.3 and 0.4 
mm. 
The piezoelectric PMN-PT(001) substrates are used to investigate in-situ the strain 
dependence of magnetic and electrical properties of the films deposited onto them. 
Contacts for applying the piezo-voltage are made with Cu wires, which are attached with 
silver paint to the bottom NiCr-Au electrode and the conducting magnetic film as top 
electrode. Applying an electric field of 10 kV/cm to the piezo-crystal at 300 K leads to a 
reversible compression of 0.11 % in both in-plane directions [Thiele 07, Biegalski 10]. 
Structural measurements by x-ray diffraction further revealed that the piezoelectric strain 
remains nearly constant between 80 K and 300 K [Biegalski 10]; a more precise 
determination of the temperature-dependent strain has been reported by Herklotz et al. 
[Herklotz 10]. 
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Chapter 4  
 
 
Epitaxial La0.82Sr0.18CoO3 thin films: Structure, magnetism and 
electrical transport 
 
 
4.1 Structure and Microstructure of the films 
 
 
4.1.1 La0.82Sr0.18CoO3 films grown on four different substrates (series 1) 
 
In this section a series of La0.82Sr0.18CoO3 (LSCO) films grown on four different 
substrates is studied. All the films have a thickness of 80 nm and were deposited under 
an oxygen pressure p = 0.45 mbar, at a substrate temperature of 650 °C and with a pulse 
frequency f = 3 Hz. LSCO films have been grown in four distinct strain states on (001) 
orienttated substrates of LAO, LSAT, STO and PMN-PT. To analyze the epitaxy and 
crystal structure of the films, XRD measurements were performed. In figure 4.1 the wide 
angle θ-2θ XRD scans of the films grown on LSAT and on PMN-PT are plotted. θ-2θ 
scans show diffraction peaks in the vicinity of (00l) peaks of the substrates. From that it 
can be concluded that the films have the same out-of-plane orientation as the substrate. 
There are no peaks corresponding to other phases or impurities of films on LAO, LSAT 
and STO, while the film grown on PMN-PT shows a weak additional peak around 35° 
that could be a (110) orientation (figure 4.1.b). The film grown on LAO is under in-plane 
compressive strain while the others on LSAT, STO and PMN-PT are under in-plane tens-  
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sile strain. The out-of-plane lattice parameters c of the films were determined from θ-2θ 
scans around substrate’s (002) or (003) peaks using the Bragg law. The pseudocubic bulk 
lattice parameter of LSCO is 3.822 Å [Caciuffo 99] which is rather small in comparison 
with that of PMN-PT. Nevertheless, despite the large misfit of 5.18 % LSCO grows 
epitaxially oriented on PMN-PT.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1: X-ray diffraction patterns (Bragg-Brentano θ-2θ) of the films on (a) LSAT(001)  and 
(b) PMN-PT(001). 
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To know whether the growth is coherent or partially relaxed as well as to determine the 
in-plane lattice parameters of the films reciprocal space maps (RSM) were recorded.  The 
RSM were recorded around the (013) asymmetric peak of the films. The films’ peaks (F) 
on LSAT, LAO and STO have the same Qx values as those of the substrates (S) indica-
ting a coherently strained growth of LSCO, while on PMN-PT a partial relaxation of the 
film is observed. In figure 4.2 the RSM of the film grown on LSAT is shown, while in 
table 4.1 the in- and out-of-plane lattice parameters, substrate misfit and tetragonality are 
listed. The tetragonal distortion t is calculated as the ratio c/a. For the film on PMN-PT t 
= 0.975 indicating a substantial residual tensile strain of the film. The strain may be 
enhanced as a result of a lower thermal expansion of the substrate.  In- and out-of-plane 
lattice parameters of the films versus the substrates’ lattice parameters are shown in 
figure 4.3. 
 
 
 
 
Figure 4.2: Reciprocal space map around the (013) reflection for the film on LSAT. F and S 
stand for film and substrate respectively. 
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Table 4.1: In- and out-of-plane lattice parameters of the films. * Lattice parameters of the 
strained major volume fraction; a small relaxed layer also exists, see section 4.2. c stands for  
cracks in the samples. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3:  In- and out-of-plane lattice parameters of the films vs. the substrates’ lattice 
parameter aSubstrate. 
 
 
 
 
 
 
 
 
Sample 
 
Substrate 
 
asubstrate 
(Å) 
 
Misfit 
(%) 
 
cfilm 
(Å) 
 
afilm 
(Å) 
 
t 
(c/a) 
 
1 
 
LAO 
 
3.79 
 
-0.84 
 
3.865*
 
 
3.791* 
 
1.019* 
2 LSAT 3.868 1.20 3.823 3.87 0.987 
3 STO 3.905 2.17 3.794 3.9 0.972 (c) 
4 PMN-PT 4.02 5.18 3.8 3.897 0.975 (c) 
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4.1.2 LSCO/LAO thickness series (series 2) 
 
The LSCO/LAO thin films are under compressive strain. With the deposition conditions 
shown in table 3.2, a series of LSCO films with thickness varying from 50 to 210 nm was 
grown on LaAlO3 substrates. The film thickness was determined ex-situ by means of x-
ray reflectivity (XRR) measurements for films up to 90 nm. For the thicker films the 
XRR cannot provide further information due to the rough surface of the films. The 
thickness of these films was estimated by pulse number and measured with a Dektak 
profilometer. Wide angle θ-2θ XRD scans carried out on all samples displayed clear 
(00l) reflections of the pseudocubic structure with no indications of impurities or misori-
ented grains. In figure 4.4 a representative θ-2θ scan of a 180 nm film is shown. The out- 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4: θ-2θ x-ray diffraction pattern of a 180 nm film containing a strained and a relaxed 
part. 
 
of-plane lattice constants were determined from θ-2θ scans around LAO (002) or (003) 
peaks using the Bragg law and are listed in table 4.2.  
The reciprocal space maps (RSM) were carried out on all the samples (figure 4.5). The 
50 and 60 nm thick films show a single LSCO film peak which is on the pseudomorphic 
line of the LAO substrate, suggesting that these LSCO films have grown in a fully strain- 
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ed state. They films have a pseudotetragonal structure with the same in-plane lattice pa-
rameter as the substrate, while the elongated out-of-plane parameter varies slightly with 
thickness. With further increase of the thickness, the films grow with an upper part that is 
relaxed and shows the rhombohedral splitting. The RSM measurement for 90 nm LSCO 
d 
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Figure 4.5: Reciprocal space maps of LSCO films with increasing thickness on LAO substrates.  
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reveals a clear coexistence of a coherently strained phase and a partially relaxed phase.  
In all thicker LSCO films, such as 180 and 210 nm, a clear separation of (013) and (01-3) 
peaks at a larger Qy value, i.e. a smaller c parameter, could be observed, which suggests a 
relaxed bulk-like rhombohedral phase on top of a strained lower part of the film. The 
strain relaxation in the thickness series as imaged by RSM is illustrated in figure 4.5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4.2: Thickness, lattice parameters and tetragonality of the films on LaAlO3.*Lattice 
parameters of the upper relaxed part of the films. 
 
Atomic force microscopy (AFM) has been employed to investigate the surface of the 
films. AFM images reveal a rather smooth film surface for the thinner films. They grow 
in an island-like manner with a root-mean-square (rms) roughness σ < 1 nm. The 
island-type growth is quite typical for the high oxygen pressure during deposition. 
Figure 4.6 shows the surface morphology of a 60 nm LSCO film with an estimated 
grain size of 65 nm and a rms roughness σ = 0.53 nm. With increasing thickness, the 
roughness of the films is increased to 1.28 nm for the 210 nm film. The occurrence of 
cracks in cobaltites cannot be neglected, they have been observed for the undoped 
[Fuchs 09], the 20% and 30% doped compounds, too [Herklotz 10a, Biasotti 10]. 
Therefore, careful checks for cracks using optical and scanning electron microscopy 
(SEM) on the films were performed. The films on LAO do not contain cracks, apart 
from the 650 nm thick one which is cracked. In figure 4.7 an SEM image of a 150 nm 
thick crack-free film is shown.  
 
Sample 
 
d 
(nm) 
 
cfilm 
(Å) 
 
afilm 
(Å) 
 
t 
(c/a) 
 
5 
 
50 
 
3.871 
 
3.79 
 
1.021 
6 60 3.874 3.79 1.022 
8 78 3.877, 3.83* 3.789, 3.83* 1.023, 1* 
9 90 3.876, 3.83* 3.789, 3.83* 1.022, 1* 
10 120 3.878, 3.83* 3.789, 3.83* 1.023, 1* 
11 150 3.88, 3.83* 3.789, 3.83* 1.023 
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Figure 4.6: Surface morphology image of a 60 nm LSCO/LAO film taken by AFM. 
 
 
 
 
 
 
Figure 4.7: SEM image of a 150 nm LSCO/LAO (001) film indicating a crack-free 
microstructure. 
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4.1.3 LSCO/STO thickness series (series 3) 
 
A second LSCO thickness series was grown on STO substrates providing tensile strain, 
under the same deposition conditions as those of the above series on LAO. The thickness 
of the films varied from 24.4 nm to 350 nm and was determined by XRR and Dektak 
profilometer measurements.  
θ-2θ XRD scans carried out on all the samples revealed clear (00l) reflections of the 
pseudo-cubic structure and no indications of other phases (figure 4.8). From these scans 
the out-of-plane lattice constants were determined and are listed in table 4.3. On the other 
hand, from the RSM performed on all the samples around the (013) specular reflection 
the in-plane lattice parameters were determined (table 4.3). For the thinner films the Qx 
values are the same for both film and substrate, proving a coherently strained growth of 
the LSCO on STO with about 2 % of tensile strain. This is even approximately fulfilled 
for a 100 nm LSCO film as shown in figure 4.9. This is quite unusual and indicates the 
pre 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.8: θ-2θ x-ray diffraction pattern of a 52 nm thick film on STO (001). 
 
 
 
 
20 30 40 50 60 70 80 90
101
102
103
104
105
106
ST
O
 
(00
3)
LS
CO
 
(00
3)
LS
CO
 
(00
2)
ST
O
 
(00
2)
LS
CO
 
(00
1)
 
 
d = 52 nm
In
te
n
si
ty
 
(a.
u
.
)
2θ (degree)
ST
O
 
(00
1)
 4. Epitaxial La0.82Sr0.18CoO3 thin films: Structure, magnetism and electrical  
    transport
 
43 
 
 
Figure 4.9:  RSM around a (013) reflection from a 100 nm film on STO. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.10:  In- and out-of-plane lattice parameters of the films on STO vs. thickness. Inset: 
tetragonality vs. thickness. 
 
presence of additional tensile strain arising during cooling from the thermal expansion 
mismatch between film and substrate. The lattice mismatch between the film and the 
SrTiO3 substrate is about 1.2% smaller at the growth temperature than at 300 K [Fuchs 
08], allowing for coherent growth with a subsequent enhancement of tensile strain during 
co 
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cooling. With further increasing thickness beyond 100 nm the films start to relax. But in 
difference to the series on LAO, the films on STO do not show a clear coexistence of 
strained and partially relaxed layers. RSM of thicker films show only one film reflection. 
In Figure 4.10 in- and out-of-plane lattice parameters of the films as a function of 
thickness are summarized. In the inset the tetragonality versus film thickness is plotted. 
Above 100 nm the films are gradually more relaxed with increasing thickness, but still 
c/a < 1 for 350 nm showing a residual tensile strain state. The fact that even thick films 
are strained may again be attributed to the effect of a higher thermal expansion of LSCO. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4.3: Thickness, in- and out-of-plane lattice parameters, tetragonality and presence of 
cracks (denoted with c) for the films.  
 
The surface morphology of the films was investigated by AFM. Here, similar to the films 
on LAO, an island growth with a roughness σ < 1 nm for the thinner films is observed. In 
figure 4.11(a to c) the surface morphology of a 60 nm LSCO film is shown. This film has 
a grain size of 50 nm and a rms roughness of σ = 0.67 nm. Due to the high strain and the 
large difference in the thermal expansion between film and substrate, all films thicker 
than 25 nm cracked during the preparation process. The macroscopic cracks are possibly 
caused by the volume shrinkage, twinning and corresponding local strain concentration 
[Fuchs 09]. The cracking even leads to some peeling of the thickest films from their 
substrates, as mentioned for undoped LaCoO3 films before [Fuchs 09]. AFM and SEM 
images of such cracks are shown in figure 4.11 (a, b and d). 
 
Sample 
 
d 
(nm) 
 
afilm 
(Å) 
 
cfilm 
(Å) 
 
t 
(c/a) 
 
16 
 
24.4 
 
- 
 
3.768 
 
- 
19 52  3.902 3.787 0.970 (c) 
20 100±10  3.90 3.791 0.972 (c) 
21 115±5  3.885 3.804 0.979 (c) 
22 140  3.888 3.803 0.978 (c) 
23 215 3.847 3.812 0.990 (c) 
24 350 3.844 3.821 0.994 (c) 
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Figure 4.11: (a),(b), (c) Surface morphology images of a 60 nm LSCO/STO(001) film. (d) SEM 
image of a 350 nm thick film on STO. 
 
 
4.2 Magnetic properties of the films 
 
 
4.2.1 Magnetic ordering temperature
 
 
Magnetisation measurements in dependence on temperature, magnetic field and strain 
have been carried out in a SQUID magnetometer as described in 3.2.4. For the film 
series 1 and 3 (i. e., the series on four different substrates and the thickness series on 
STO) data were taken in a field of 2 kOe after both field cooling (FC) at H = 2 kOe and  
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zero field cooling (ZFC). Films on LAO (series 2) were cooled in a field of 40 kOe, and 
the temperature dependence of m was measured in remanent state (H = 0).  
All films exhibit a clear ferromagnetic behaviour. The ferromagnetic ordering tempe-
rature TC is estimated by extrapolating the linear part of the squared magnetic moment 
m
2(T) at T < TC to m = 0. As an example, the m2(T) of the film on LSAT (sample #2) is 
displayed in figure 4.11. All samples showed a sufficiently wide linear range of m2(T) to 
justify the application of this method of determining TC.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 4.11: Squared magnetic moment m2 vs. temperature of sample #2 on LSAT. The red line 
indicates the fitted linear part of the graph with the extrapolated value of TC at m = 0. 
 
Figure 4.12 represents the TC values of the 80 nm thick films on various substrates (series 
1) as a function of the in-plane lattice parameter. Under both compressive (on LAO) and 
tensile (on STO) strain the films show a TC reduced by about 15 K in comparison with 
the bulk ordering temperature TC,bulk = 165 K [Aarbogh 06]. The less strained film on 
LSAT has a TC of 163.8 K being quite close to the bulk value, in agreement with the c/a 
= 0.987 revealing a rather small tetragonal distortion. This indicates for the effect of 
biaxial strain on TC that strains of both signs suppress the ferromagnetic ordering. This 
agrees with the predicted behaviour of cubic double-exchange ferromagnets [Millis 98].     
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Figure 4.12: TC vs. the in-plane lattice parameter of 80 nm thick films on various substrates 
(series 1) 
 
In figure 4.13 (a) the Curie temperature TC for the films grown on STO is plotted as 
function of the film thickness. It can be clearly seen from the plot that TC decreases with 
decreasing film thickness. It is well known that the effect of finite film thickness is to re-
duce the critical temperature if the spin-spin correlation length exceeds the film thickness 
[Fuchs 04, Fisher 72]. The thickest film of 350 nm has a slightly higher TC (171 K) in 
c79 
 
 
 
 
 
 
 
  
 
Figure 4.13: TC for the film series on STO plotted vs. (a) film thickness and (b)in-plane lattice 
parameter  
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comparison with bulk indicating a slightly larger doping. (At x = 0.18 near the insulator-
metal phase boundary, TC changes very strongly with doping. Hence, tiny changes in 
composition may result in a TC variation of about 5-10 K.) On the other hand, the tensile 
strain decreases with growing film thickness. The change of TC with the in-plane lattice 
parameter is shown in panel (b) of figure 4.13. It nicely agrees with the observation that 
tensile strain suppresses TC. With increasing thickness the films start to relax and thus TC 
would tend to the bulk value. Therefore, the thickness dependence of TC in the film series 
grown on STO substrates originates from both, the direct influence of thickness and the 
gradual strain release, whereas it cannot be said how much is contributed by each 
mechanism.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 4.14:  Curie temperature as a function of the film thickness for LSCO films grown 
on LAO substrates. 
 
The TC as a function of thickness for the films grown under compressive strain, i.e. on 
LAO substrates, is shown in figure 4.14. In this film series, TC has been measured 
differently, since it was noticed that the determined value of TC depends strongly on the 
applied measuring field in this compound. Therefore, TC has been determined from m(T) 
data recorded during warming in the remanent state after field-cooling in 40 kOe. The 
thickness dependence of TC in this series is quite unusual, showing a minimum of TC near 
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d = 120 nm. Films with d > 120 nm have a TC that grows with film thickness, but it 
remains about 40 K smaller than the bulk TC even for the thickest film of d = 210 nm. 
Besides the possibility that tiny changes in composition are responsible for the observed 
TC variation, because the x = 0.18 compound is just at a phase boundary where TC 
changes strongly with composition, an unusual (and not fully understood) evolution of 
the strain state with thickness might be at the origin. A critical film thickness of 60-70 
nm has been observed for the formation of a relaxed upper layer in the films. Hence, 
thicker films contain a nearly fully strained lower layer and a relaxed upper layer. 
Additionally, a tensile strain of up to 1 % develops in the films during cooling due to the 
thermal expansion mismatch. Finally, this “cooling strain” may partially be released by 
the formation of oxygen vacancies during cooling. Thus, the strain state of these films 
might be more complex, leading to the observed non-monotonic TC(d) dependence.  
The direct effect of strain on TC and the magnetisation are investigated using the LSCO 
film grown on PMN-PT (series 1). To carry out the strain-dependent measurements, 
voltages of U ≤ 450 V were applied along the substrate normal between the LSCO film 
on top and a NiCr/Au electrode on the bottom (001) surface of the substrate. The 
resulting electric field is E ≤ 15 kV cm−1 in the 0.3 mm thick PMN-PT crystal platelet. 
The electric field E = 10 kV/cm corresponds to a biaxial in-plane compression of the 
substrate of 0.11 % ±0.01 at 300 K [Biegalski 10; Bilani-Zeneli 08]. The temperature 
dependence of this piezoelectrical strain is weak down to 50 K. At T < 50 K, the 
achievable strain drops towards 10 K. During cooling, a magnetic field of 2 kOe along an 
(100) direction in the film plane as well as a substrate field E = 10 kV cm−1 have been 
applied. The measurements were limited in temperature as T > 30 K due to the electrical 
breakdown through the He atmosphere in the SQUID magnetometer. From the data in 
figure 4.15 it can be seen that the strain response ∆M/M of M has a maximum of ~ 9% 
around TC for the applied strain of 0.1%. The increase of M with the piezo-compression 
(which means a temporary release of tensile strain in the film) is expected for a double 
exchange ferromagnet. For T < TC the strain-induced magnetisation ∆M/M decreases 
gradually, but shows a local maximum or plateau around 80 K. In the context of the 
phase coexistence suggested for this cobaltite, it may indicate the strain response of a 
second electronic phase which is likely to be the spin-glass phase on the left side of the x 
= 0.18 phase boundary in the phase diagram. The strain dependence of TC can be estima- 
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ted from the strain response of magnetisation as follows: The m(T) data recorded under 
the same conditions in the as-grown strain state are shifted in temperature by a value of 
∆TC, the assumed TC shift under the piezo-strain, and the difference ∆M*/M between both 
data sets is calculated. ∆TC is then adjusted so that ∆M*/M fits best to the measured strain  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.15: Temperature dependence of the strain-induced magnetisation change at a 
substrate field E = 10 kVcm-1 producing a compressive strain of 0.1%.  
 
dependent data ∆M/M around TC [Dekker 09, Herklotz 09]. The respective curve for ∆TC 
= 1.1 K is shown in figure 4.15. A TC shift of 1.1 K has been estimated for 0.1 % of 
biaxial strain which leads to a value of dTC/da = 11 K/%. This value agrees well with that 
determined for another film series with x = 0.2 by A. Herklotz [Herklotz 10a]. A possible 
microscopic mechanism for the strain effect on TC, i.e. on the strength of the magnetic 
exchange interactions, is that the release of tensile strain reduces the tetragonal distortion 
in the LSCO film so that the O-Co-O bond angles increase. The associated increase in 
bandwidth would make the ferromagnetic double exchange interaction stronger. This is 
analogous to the strain effect on M in La0.7Sr0.3MnO3. One difference between 
La0.7Sr0.3MnO3 and the presently studied cobaltite is the one order of magnitude larger 
dTC/da in La0.7Sr0.3MnO3 [Thiele 07]. 
Figure 4.16 represents the temperature dependence of magnetic moment m(T) for two 
films grown on STO and LAO substrates with thicknesses of 140 nm and 210 nm, 
respectively. d 
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Figure 4.16: FC and ZFC magnetisation as a function of temperature at H = 2 kOe for two 
representative films grown on (a) STO and (b) LAO. 
 
respectively. For these two representative films, both field cooled (FC) and zero field 
cooled (ZFC) data are shown, with the field cooling from room temperature to 5 K 
performed in a magnetic field of 2 kOe. The m(T) curves display the characteristic 
branching between FC and ZFC as in bulk [Itoh 94, Wu 03], where the ZFC curve shows 
a distinct peak significantly below TC. The ZFC m(T) curves resemble the characteristic 
spin glass (SG) cusp with the SG freezing temperature Tf at the maximum of m(T). It is 
well known that La1-xSrxCoO3 separates into hole-rich ferromagnetic clusters dominated 
by the ferromagnetic double exchange interaction between Co3+ and Co4+, with the 
clusters being embedded in a hole-poor nonferromagnetic matrix [Asai 94, Itoh 94].  So 
the concept is that upon ZF cooling the clusters freeze into random orientations at Tf. 
When FC, the clusters align, leading to a large ferromagnetic-type magnetization. In 
figure 4.16, the film grown on STO, i.e. under tensile strain, has a Tf  = 116 K, while in 
the one grown on LAO the Tf shifts towards a lower temperature, Tf  = 81 K.  
In order to characterize the glass-like nature of the La0.82Sr0.18CoO3 films, the frequency-
dependent susceptibility m’(T, f) has been measured for a representative 215 nm thick 
film on SrTiO3 (sample no. 23, table 4.3) by D. Fuchs in KIT Karlsruhe. Susceptibility 
measurements require a sufficiently large film volume since they are done in a small 
magnetic field. Figure 4.17 shows the data for 2 Hz, 10 Hz, 100 Hz and 1000 Hz 
recorded in H = 3 Oe. A peak of the susceptibility appears at a temperature T* which is 
slightly below the magnetic ordering temperature (TC = 166 K measured in a field H = 2 
kOe). The fitted peak position shifts by 3.3 K with the increase of frequency from 2 Hz to  
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1 kHz. The frequency-dependent response is typical for a glassy magnetic order, since 
the slow response of the spins or magnetic clusters becomes notable at higher 
temperature with increasing frequency. A glassy behaviour is known to occur on both 
sides of the phase boundary at x = 0.18 in La1-xSrxCoO3, i.e. in the low-doping spin glass 
phase as well as in the ferromagnetic cluster glass phase at x > 0.18 [Itoh 94]. The m’(T) 
peak near TC is in agreement with the observations for the cluster-glass state in bulk 
phases with similar doping [Itoh 94]. The spin-glass phase for lower doping, on the other 
hand, displays a much lower freezing temperature T* < 100 K. Thus, this thick, relaxed x 
= 0.18 film is in a magnetic state resembling that of the bulk cluster glass.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.17: (a) Susceptibility vs.temperature at different frequencies at H = 3 Oe and (b) 
frequency as a function of temperature at which the peak susceptibility response is recorded. 
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4.2.2 Low-temperature magnetization loop 
 
In this part, the influence of the biaxial strain on magnetisation loops and the ordered 
magnetic moment per Co ion is discussed. Figure 4.18 (a) represents the field dependent 
m(H) loops recorded at 10 K for the films grown on four different substrates (series 1). 
All the films show a ferromagnetic-like behaviour with a remanence (figure 4.18 (b)). 
The diamagnetic substrate contribution (as determined at 300 K far above TC) is substrac- 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.18: (a) Magnetisation loops of the films grown on four different substrates. (b) 
Remanent magnetisation vs. in-plane lattice parameter of the films. 
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ted from the measured m(H) data. This procedure is based on the assumption of a purely 
diamagnetic, temperature-independent magnetization of the substrate. No full saturation 
of the films is achieved at fields up to 48 kOe indicating the absence of a homogeneous 
collinear ferromagnetic state. This is in agreement with previously measured single-
crystal data [Aarbogh 06]. The authors interprete the non-saturating component at high 
fields as the signature of the non-FM matrix, which is more dominant for LSCO with x ≤ 
0.18 in the spin-glass phase. At the phase boundary of x = 0.18, the long-range FM is 
lost, the non-FM phase fraction increases at the expense of the isolated FM clusters and a 
magnetic field can substantially increase the magnetic order. Nevertheless, in this work 
the magnetisation at H = 48 kOe will be called saturated magnetization mS in order to 
simplify the discussion. 
A strong drop of mS with both strong tensile (STO) and compressive (LAO) strain from 
2.1 µB/Co for the film on LSAT to 0.61 (0.65) µB/Co ion is found. The large value for the 
film on LSAT is partially field-induced (figure 4.18(a)). The bulk crystals have a mS ~ 
1.25 µB/Co ion [Kriener 04, Aarbogh 06]. This finding indicates that strain of both signs 
suppresses mS. The films on LSAT and PMN-PT also have a larger TC, in agreement with 
these results. Even though TC nearly reaches the bulk value for LSAT, the remanent 
magnetization is much lower than in the crystal, and only a magnetic field of 48 kOe can 
induce a magnetic moment as large as in the crystal. One can conclude that all films 
show a suppressed magnetic order at 10 K, and the degree of suppression increases with 
both tensile and compressive biaxial strain.  
In figure 4.19 a field-dependent m(H) loop measured for a film on PMN-PT in the as-
grown and a piezo-compressed state are shown. The reversible strain experiment has 
been carried out after cooling the sample in the respective strain state from 300 K and 
revealed that the magnetic coercive field HC is not notably affected by the applied strain 
magnitude of about -0.15%. At T = 50 K the magnetization change induced by reversible 
strain has been 4 % (see figure 4.15). The data in figure 4.19 have been taken with high 
density around HC, but little resolution at high field. Therefore, the strain response at high 
fields is not clearly visible.) The absence of a direct strain response of HC reveals a weak 
effect of the biaxial strain on the magnetocrystalline anisotropy. Nevertheless, there may 
be an indirect strain dependence of HC in the sense that strain-dependent microstructures 
of the films may affect HC.  
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Figure 4.19:  Magnetisation loops in the as-grown state (substrate voltage of 0 V) and under 
piezoelectric compression (450 V) of the substrate. Data were taken at 50 K after cooling in the 
respective strain state. 
 
The m(H) loops recorded at 10 K for the thickness series of the films grown on STO and 
LAO substrates are shown in panel (a) of figures 4.20 and 4.21, respectively. For the 
STO series a decrease of magnetization with increasing field: this is not physically 
possible, but shows the error of the subtracted substrate´s diamagnetic contribution 
determined at 300 K. (Such error can arise from paramagnetic impurities in the 
substrate.) Therefore, the exact high-field slope of M is unknown. Both the remanent and 
the saturation magnetisation mS increase systematically with increasing film thickness by 
nearly a factor of two. Since in the series on STO the increase of thickness means a 
gradual release of tensile strain, mS is represented in panel (b) of figure 4.20 as a function 
of the in-plane lattice parameter a. A film thickness in the range above 100 unit cells is 
unusual to have such a strong impact on magnetic order at T << TC; hence, the drop of m 
is essentially attributed to the strain. The thinnest film has mS = 0.25 µB/Co ion which is 
about five times smaller than the reported bulk value, and even the thickest film of this 
series which is strain-relaxed shows only half of the bulk crystal value. The m(H) loops 
for this series are somewhat broader than those of the films grown on LAO substrates 
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Figure 4.20:  (a) Magnetisation loops of the films grown on STO; (b) Saturated magnetisation 
mS vs. in-plane lattice parameter of the films 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.21:  (a) Magnetisation loops of the films grown on LAO; (b) Saturation magnetisation 
vs. thickness of the films. (The scattering is attributed to the error in film volume.); (c) 
Remanence at 10 K vs. thickness of the films. (Lines are drawn to guide the eye). 
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(see HC values in figure 4.22). Strikingly, the 52 nm thick film on STO has a different 
shape, the m(H) loop is a “double loop”. A trace of this is also seen for the next thicker 
film. Double loops of this type have been seen in x = 0.2 films investigated by Herklotz 
[Herklotz 10a] and are tentatively attributed to the two-phase nature of the films with a 
magnetically softer ferromagnetic component and a spin-glass component with higher 
coercive field. The latter also leads to a larger saturation field in the thinner films. The mS 
vs. thickness dependence for the films grown on LAO is shown in panel (b) of figure 
4.21. Also in this case an overall enhancement of mS with thickness and, thus, with 
decreasing strain is observed. In contrast to the previous series, the values of mS are 
larger.  For the thinner film, mS = 0.56 µB/Co ion, and with increasing thickness mS 
reaches a value of 0.92 µB/Co ion. The remanent magnetization also increases with the 
film thickness/the reduced compressive strain (panel (c) of figure 4.21). 
All m(H) loops measured at 10 K show large coercive fields HC, reaching a maximum of 
14.35 kOe for the 100 nm film on STO. In bulk crystals, the HC increases substantially 
when the FM clusters loose percolation upon reducing x from 0.2 to 0.1 [Aarbogh 06], a 
maximum coercivity in the bulk of about 7 kOe occurs for a doping of x = 0.10. The HC 
of most of the films in this study is larger than this value by up to a factor of two. There 
are two possible explanations of such an enhancement in HC. Firstly, it could be related 
with the occurrence of defects such as cracks in the films. It is a well known fact that the 
coercive field in ferromagnetic materials may be strongly affected by lattice 
imperfections. In macroscopic specimens which possess a multi-domain structure, 
reversion of magnetization usually takes place by the displacement of domain walls. 
High coercive fields may be obtained through pinning domain walls by lattice defects 
[Hilzinger 77]. In chapter 5 a HR-TEM investigation of the defects present in 30%-doped 
films will be discussed. Secondly, the strain seems to play a role in the coercivity 
mechanism of the films, even though the reversible strain experiment gave evidence for 
the absence of any direct strain effect on HC. In figure 4.22 (panels (a) and (b)), HC is 
clearly larger for the films with stronger strain, either under compressive (LAO) or strong 
tensile strain (STO). The less strained film on LSAT shows a smaller HC closer to the 
bulk value. Possibly, the strain imposed by the substrate leads to some kind of defect 
formation which enhances the coercivity by domain wall pinning. 
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Figure  4.22: Coercive field at 10 K vs. in-plane lattice parameter for film series 1 (a) and 3 
(b), and vs. thickness for series 2 (c). This series on LAO shows (non-homogeneous) relaxation 
of compressive strain with increasing thickness. (Lines are drawn to guide the eye). 
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4.3 Electrical properties of the films 
 
 
4.3.1 Transport and magnetotransport properties of the films
 
 
Resistance and magnetoresistance of the LSCO films were measured by the standard 
four-point method in a Physical Property Measuring System (PPMS) at temperatures 
between 5 and 300 K. Some samples were measured in a cryostat equipped with a 
superconducting split-coil magnet or in a cryogen-free refrigerator cryostat. For the 
magnetoresistance measurements, the magnetic field was varied between 50 and -50 kOe.  
As a first observation, it is found that one needs to distinguish between films with an 
extrinsic and films with an intrinsic character of electrical conduction. Films with cracks 
(the films grown on PMN-PT and STO, except for the 24.2 nm thick film on STO) show 
extrinsic transport, i.e. the cracks determine the conduction. Therefore, the resistance is 
much higher, by several orders of magnitude. Films grown under lower tensile or 
compressive strain on LSAT and LAO substrates, respectively, are crack-free as carefully 
checked by SEM. Also the thinnest film on STO (d = 24 nm) is not cracked according to 
an inspection by SEM. This indicates that these films may be expected to show intrinsic 
transport properties. However, as the example of the 24 nm film on STO shows below, 
extrinsic transport behaviour has also been observed if no cracks were detectable by 
SEM.  
The temperature dependence of the resistivity of films grown on different substrates 
(series 1) is plotted in figure 4.22(a). All films show an insulating behaviour, the 
resistivity strongly increases with decreasing temperature. The films grown on STO and 
PMN-PT substrates show a much higher resistivity which is attributed to the presence of 
cracks in these samples and, hence, is an unreproducible individual characteristic of the 
respective sample. The lowest resistivity is observed for the film grown on LAO which is 
slightly compressed, while the one on LSAT, with a rather small tensile strain, and the 
24.4 nm film on STO, under strong tensile strain, show increasingly higher resistivities 
(figure 4.22(a) and (b)). Thus, one may conclude that the tensile strain enhances the 
resistivity. No anomaly (peak) is observed in ρ(T) near TC which is in contrast to single-
crystal data [Aarbogh 06] where the magnetic ordering causes a reduction of the 
resistance below TC. The same had been observed in single-crystal LSCO for x ≤ 0.15 
whe 
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Figure 4.22: Temperature dependence of the resistivity for (a) the films of series 1 grown on 
four different substrates; and (b) two films from the thickness series on LAO and STO. 
 
 
 
Figuere 4.23: Temperature dependence of the resistivity with and without a magnetic field 
measured on (a) a 60 nm thick and (b) a 150 nm thick film grown on LAO. 
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where no percolative metallic current path through the non-FM semiconducting matrix is 
present, and the insulating phase dominates the conduction. The electrical transport of the 
films grown on LAO changes strikingly with the film thickness as presented in figure 
4.23 (a) and (b). The thinner films display insulator behaviour at all temperatures, even 
without an anomaly near TC. The 150 nm thick film which is essentially strain-relaxed 
above a strained lower layer adjacent to the substrate shows a bulk-like metallic 
conductivity with a peak in the resistivity at about 110 K (H = 0), which is quite close to 
TC for this film (TC = 114 K) and moves up to ≈ 145 K in H = 50 kOe. Thus, there is a 
metal-insulator transition below TC. A similar behaviour is observed for the x = 0.18 
single crystal as well as for the La1-xSrxCoO3 (x = 0.30) thin films grown under 
compressive strain on LAO substrates [Rata 08]. The bulk-like metal-insulator transition 
seen in a thick, strain-relaxed film on LAO (figure 4.23.b) reveals that this “more 
insulating behaviour” of the thinner films is not a consequence of a deviation in the 
composition of the films, but rather a result of the lattice strain and/or the reduced 
thickness. 
In figure 4.24, the field dependence of the magnetoresistance (MR) at a fixed temperature 
of 30 K, defined as [ρ(H)- ρ(0)]/ ρ(0), is presented for two films on LAO and LSAT. The 
f 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.24: Field  dependence of magnetoresistance  for (a) an 80 nm thick film grown on LSAT 
and (b) a 60 nm thick film grown on LAO. 
 
films grown on LSAT and LAO substrates display a large negative magnetoresistance in 
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wards low temperatures and remains nearly constant for T ≤ 30 K.  The MR in the above 
mentioned films resembles the colossal magnetoresistance (CMR) of the ferromagnetic 
manganites which have some magnetic disorder or a phase-separated magnetic state at 
low temperatures [Dörr 06]. Also the microscopic origin of the MR is likely to be similar 
in the films discussed here and in those manganites: the field increases the magnetic 
order and, thus, the conduction by the double exchange mechanism.    
The magnetoresistance of the 24.4 nm film grown on STO was investigated as well. 
Surprisingly, no magnetoresistance could be observed (in repeated measurements) in 
fields up to 50 kOe. Since the magnetic order of this film cannot be perfect, the forced 
alignment of spins by the magnetic field has obviously no influence on the electrical 
transport in the film. The logical consequence is the suggestion that this sample shows 
extrinsic transport properties even though no cracks could be detected. Defects (such as 
oxygen-deficient planes or possibly few-nanometer-sized cracks missed by the SEM 
imaging) seem to dominate the electrical conduction.    
In order to find the microscopic origin of the intrinsic strain effect on electrical 
conduction, the spin-state change described in the high-pressure study of La0.82Sr0.18CoO3 
single-crystals is considered first. In that work Lengsdorf et al. show that the conduction 
is suppressed by hydrostatic pressure, discussed based on an enhancement of the crystal-
field splitting which would change the spin state of Co3+ ions from IS to LS state and, 
thus, deplete the eg conduction band [Lengsdorf 04]. This mechanism of pressure- (or 
strain-) induced spin-state change is clearly not effective in the present films because it 
would lead to an increasing conduction under tensile strain: The in-plane lattice 
parameters would be enhanced under tensile strain, so that one would expect a reduced 
∆CF, an enhanced spin state and population of the eg conduction band.  Moreover, the 
tetragonal distortion may lead to a further reduction of splitting between the upper t2g and 
lower eg levels. Therefore, tensile strain would increase the Co eg band filling in the 
films. However, the transport measurements show the opposite behaviour. Further, 
magnetization measurements under reversible strain (see section 4.2.1) reveal a decrease 
of M with increasing tensile strain at all measured temperatures. Both findings indicate 
that the spin state of the Co ions is not so much strain-sensitive at temperatures below TC, 
and the strain response of the magnetic order is dominated by the change in the strength 
of the magnetic interactions.  
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This observation is in agreement with the results found for La1-xSrxCoO3 (x = 0.30) thin 
films grown under tensile strain [Rata 08]. As a microscopic mechanism which is 
responsible for the electron localization under tensile strain, a strain induced cooperative 
Jahn-Teller-type (JT) distortion has been suggested [Rata 08]: the tetragonal distortion of 
the nearly cubic unit cells caused by strain may suppress the itinerant double exchange 
and a cooperative JT-type distortion of the CoO6 octahedra associated with favoured in-
plane eg 22 yxd − orbital occupation can occur. The cooperative JT distortion is known as an 
efficient localization mechanism for eg electrons in ferromagnetic manganites and, thus, 
may have a similar effect here.    
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Chapter 5  
 
 
Epitaxial La0.3Sr0.7CoO3 thin films: Structure, magnetism and 
electrical transport 
 
 
 
5.1 Growth and structural characterization 
 
The La0.7Sr0.3CoO3  (LSCO) films have been deposited using the PLD as described in 
section 3.1, at an oxygen pressure p = 0.35 mbar, a substrate temperature T = 650 °C and 
a pulse frequency f = 3 Hz. The films were grown on (001) oriented 
(LaAlO3)0.3(Sr2AlTaO6)0.7 (LSAT) single-crystal substrates with a thickness between 30 
and 250 nm. The films’ thickness was determined ex-situ by means of x-ray reflectivity 
(XRR) measurements for films with d ≤ 60 nm, while for the thicker ones it was 
estimated from the laser pulse number and measured with a Dektak profilometer. LSAT 
was chosen as a substrate because it provides an intermediate tensile strain of nominally 
1.0 %. This substrate has been chosen, because earlier studies of this compound in a 
compressed state on LaAlO3 and under strong tensile strain on SrTiO3 had revealed 
strong differences in the electric behaviour. 
The epitaxy and crystal structure of the films were analyzed by XRD measurements. The 
wide-angle θ-2θ XRD scans of the films (not shown here) revealed that the films have 
the (00l) out-of-plane orientation. No peaks corresponding to other phases or impurities 
were observed. Reciprocal space mapping (RSM) around the (013) reflection showed 
that 
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Figure 5.1: RSM around the 013 reflection for the films on LSAT with a thickness of (a) 60 nm 
and (b) 200 nm.1 
 
that the films even up to a thickness of 200 nm grow nearly coherently strained on LSAT. 
The RSMs of the 60 nm and 200 nm films are shown in figures 5.1.a and b, respectively. 
There is a slight change of the in-plane, a, and out-of-plane, c, lattice parameters with 
thickness (figure 5.2), indicating a relaxation of the a parameter by 0.05%. Due to the 
larger lattice parameter of the substrate, asubs = 3.87 Å in comparison to the bulk value of 
LSCO, abulk = 3.83 Å, one expects an out-of-plane compression according to the elastic 
response of the films. The value of c = 3.825 Å for the 60 nm film is rather close to the 
bulk value, however, and the volume of the unit cell, V = a2c is enhanced from 56.2 Å3 to 
57.3 Å3 (+1.9%). This volume enhancement under tensile strain is higher than expected 
from a pure elastic response ([Fuchs 08] estimates a Poisson number of ν = 0.33 which 
would lead to 1% of volume enhancement). Therefore, it may indicate the presence of 
some oxygen vacancies. 
The tetragonality varies little with thickness, ranging from c/a = 0.988 for the 60 nm film 
to 0.989 for the thickest LSCO film of 250 nm. The reason for the lack of stronger 
relaxation might be the incorporation of oxygen vacancies during cooling of the grown 
films which causes an enlargement of lattice parameters. Bulk La1-xSrxCoO3 tends to be 
oxygen-deficient for x ≥ 0.4 [Torija 08]. The film-substrate mismatch at the growth 
temperature is expected to be smaller than that at 300 K due to the larger thermal 
expansion of the cobaltite. 
 
                                                 
1
 F and S stands for film and substrate, respectively. 
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Figure 5.2: In- and out-of-plane lattice parameters of the films vs. thickness. 
 
The surface of the films was investigated by atomic force microscopy. AFM images rev-
ealed an island-type growth of the films with a rms roughness σ < 1 nm for the thinner 
films and an increase of roughness with thickness, which is similar to the 18% doped 
LSCO films described in chapter 4. For example, in the present experiment the rms 
roughness for the 30 nm and 100 nm film was σ = 0.4 nm and σ = 1.8 nm, respectively. 
As discussed in more detail in chapter 4, there is a risk for crack formation in cobaltite 
films. Therefore, a careful check by scanning electron microscopy (SEM) was performed 
and showed that all the samples studied here appear to be crack-free. This is attributed to 
the rather small tensile strain of the films, since previous work showed that thicker films 
under tensile strain on STO contained cracks. 
 
 
 
3,867
3,868
3,869
3,870
3,871
in-plane
 
a 
(Å
)
50 100 150 200 250
3,824
3,826
3,828
30
out-of-plane
 
 
c 
(Å
)
d (nm)
bulk
 5. Epitaxial La0.3Sr0.7CoO3 thin films: Structure, magnetism and electrical  
    transport
 
68 
 
5.2 HR-TEM 
 
Oxygen vacancies in the bulk, at the substrate-film interface as well as at internal 
interfaces can strongly affect the electrical behaviour of perovskite oxides [Klie 01]. HR-
TEM imaging of 50% doped La1-xSrxCoO3 revealed ordered arrays of oxygen vacancies 
[Torija 08]. Therefore, high-resolution transmission electron microscopy (HR-TEM) was 
carried out by M. Reibold at the Triebenberg Labor of the Dresden University of Techno- 
 
 
 
 
Figure 5.3: Cross-sectional HR-TEM images of 30%-doped films grown on LSAT (a, b), STO 
(c) and LAO (d). Inset of (d): Fourier transform of the film part showing clear superlattice 
reflections.  
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logy to check for the presence of such features in the 30%-doped films. An acceleration 
voltage of 200 kV was used, and a cross-sectional investigation of the samples was 
performed. 
In figure 5.3, HR-TEM images of 40 nm thick films on LSAT, STO, and LAO are 
presented. (The films on STO and LAO are shown for comparison; the film on LAO has 
been prepared by A. Herklotz.) The image of the LSCO/LSAT interface region (figure 
5.3(a)) shows a coherent film growth of a first, about 7 nm thick layer followed by a 
layer with a kind of vertical boundaries. In analogy with similar defects observed in a 
LaCoO3 film [Fuchs 09], the vertical features might be twin boundaries between 
rhombohedral domains. For comparison, LSCO films grown on STO and LAO are 
shown in figures 5.3(c) and (d). They both reveal the formation of a layered 
superstructure with the period of two unit cells in the films. This is confirmed by the 
Fourier transform of the image (figure 5.3(d) inset). A closer examination of the film on 
LSAT indicates small regions with a similar superstructure (figure 5.3(b)). A 
superstructure can be formed due to the ordering of a larger number of vacancies. The 
presence of such superstructures has also been observed before in various transition 
metal oxides [Klie 01, Ito 02, Rata 04]. Especially in cobaltites, the occurrence of the 
superstructure is attributed to oxygen vacancy ordering [Cillessen 93, Wang 96, Klenov 
03, Torija 08]. Oxygen vacancies may exist locally even though the oxygen 
stoichiometry in a major volume fraction is good enough to allow for nearly optimum 
magnetic and transport properties of the films [Torija 08]. In the present study it is 
concluded that, possibly, tensile strain induces an oxygen deficiency of the films. (Also 
under compressive strain there is an elongation of the lattice perpendicular to the film 
plane, so that the appearance of the superlattice pattern in the compressed film on 
LaAlO3 is not in conflict with this suggestion.) 
 
5.3 Magnetisation 
 
The magnetisation measurements of the LSCO films in dependence on temperature and 
magnetic field were performed in a SQUID magnetometer as described in section 3.2.4. 
The diamagnetic substrate contribution is subtracted from the measured m(H) data. All 
xxx 
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m(H) loops measured at 10 K show a strong hysteresis with large coercive fields HC va-
rying from 2.8 kOe to 15.1 kOe. In figure 5.4 a representative m(H) loop of a 150 nm 
film is shown. The smallest HC is observed for the 60 nm film. These values are 
strikingly large in comparison with the bulk HC = 10 Oe at 5 K [Aarbogh 06]. Similarly 
a large HC has also been observed for La1-xSrxCoO3 films under strong tensile or 
compressive strain, with x = 0.18, 0.30 and 0.50 [Chapter 4, Rata 08, Torija 08]. 
Possibly, such an enhancement of HC is related to the occurrence of lattice defects in 
the films (as described more in detail in section 4.2.2). This fits well with the above 
HR-TEM investigation of the films where strain-induced arrays of oxygen vacancies 
are observed.- 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4: Magnetisation loop of a 150 nm film grown on LSAT 
 
The values of the saturation magnetisation, mS, of the films have been found to be 
somewhat suppressed in comparison with the bulk value mS ≈ 1.55 µB/Co ion [Aarbogh 
06], but they are in the same range of mS  ≈ 1 µB/Co ion as in the La0.7Sr0.3CoO3 films 
grown in various strain states studied elsewhere [Fuchs 05, Rata 08]. X-ray absorption 
spectroscopy data measured for La0.7Sr0.3CoO3 films prepared under comparable 
conditions in various strain states on SrTiO3 and LaAlO3 substrates indicate a negligible 
change of the Co spin state [Kroll 10]. These experimental findings support the idea of a 
small strain dependence of the Co spin state in La0.7Sr0.3CoO3 films.  The m(T) data were 
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recorded in a field of 1 kOe after field cooling (FC) at H = 1 kOe. Figure 5.5 (a) displays 
the field-cooled measurement of the magnetization as a function of temperature for the 
150 nm thick film. The Curie temperature, TC, is estimated by extrapolating the linear 
part of the squared magnetic moment m2(T) for T < TC to m = 0. TC increases from 179 K 
to 214 K with increasing thickness. The last value is somewhat lower than the bulk value 
of TC = 225 K [Kriener 04], but it is higher than the TC (195-200 K) observed for other 
films grown on LAO, STO and PMN-PT under large tensile or compressive strain [Rata 
08]. The suggested explanation is a reduction of TC by the epitaxial strain which follows 
a quadratic dependence in the value of strain in the ferromagnetic double exchange 
model [Millis 98, Thiele 07]. An additional reduction of TC may arise from some oxygen  
 
 
 
Figure 5.5: (a) M vs. temperature for the 150 nm thick film measured at an in-plane magnetic 
field (H // [100]) of 1 kOe; (b) Curie temperature as a function of the film thickness. 
 
deficiency, but for x = 0.3 the influence of tiny changes in the doping level should be 
small, because dTC/dx in the phase diagram is small. The reduction of TC with decreasing 
thickness (figure 5.5 (b)) might essentially be caused by a finite-size-effect [Fuchs 05, 
09], because the strain state changes very little within this thickness series (by 0.05%). It 
has been suggested by Fuchs et al. that an inhomogeneous magnetic state with ferromag-
netic and less-ordered regions on the scale of several ten nanometers may cause a finite-
thickness dependence of TC which is notable at a larger thickness (above 60 nm) than in a 
homogeneous ferromagnet [Fuchs 05]. Typically, the finite thickness of ferromagnetic 
films affects TC notably only below about 100 unit cells which is about here 40 nm. Neu- 
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tron diffraction experiments conducted on bulk material have shown that regions with 
long-range ferromagnetism exist in these compounds at Sr concentrations of 0.1 ≤ x ≤ 0.5 
[Caciuffo 99]. On the other hand, Kuhns et al. have demonstrated that the magnetic 
nature of LSCO is inhomogeneous, and FM, spin-glass, and non-magnetic low spin 
regions coexist on both sides of the metal-insulator transition (MIT) [Kuhns 03]. Still 
under discussion is the question whether these regions are generated by compositional 
inhomogeneities or appear due to an intrinsic electronic phase separation.  
 
 
5.4 Electrical transport  
 
Resistance and high-field magnetoresistance (MR) of the LSCO films have been 
measured in a Physical Property Measuring System (PPMS) and at the IFW pulse field 
facility at temperatures between 5 and 300 K and in magnetic fields up to 50 T. 
In figure 5.6 the temperature dependence of the resistance normalized to the 300 K for 
five films with different thicknesses is presented. The 30 and 60 nm thick films are 
insulating, with no clear anomaly reminding of a metal-insulator transition around TC. 
With increasing film thickness, the temperature dependence of the resistance changes 
gradually to that of a metallic state, and the d = 250 nm film displays a clear metallic 
behaviour at low temperatures. Starting with the 85 nm thick film, a metal-insulator 
transition is visible below TC. At low temperatures, the resistance curves show another 
upturn which is also present in single crystals near the metal-insulator phase boundary at 
x = 0.18. A similar feature has also been found for La0.5Sr0.5CoO3-δ films [Torija 08]. The 
observed gradual change from insulator to metal is unlikely to be controlled by the 
changing strain state of the films, since the overall strain change is only 0.05%. (It seems 
unlikely that the as-grown strain state of 1% just incidentally hits the metal-insulator 
boundary in a fictive phase diagram vs. strain.) 
Defects of the microstructure which extrinsically dominate the transport usually increase 
with film thickness, indicating that the observed insulating behaviour at low thickness 
and the crossover to metallic behaviour observed at large thickness is not defect-
governed but intrinsic. This leaves the influence of the finite film thickness as the most 
likely origin of the better conduction in thicker films. Thus, this crossover from insula-
mm 
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Figure 5.6: Temperature dependence of the normalized resistance for LSCO/LSAT films with 
various thicknesses 
 
ting to metallic behaviour with increasing thickness may be indicative of a phase 
separation and percolation scenario [Fuchs 05, Torija 08]. 
MR measurements in high pulsed magnetic fields were carried out for all the samples 
except for the 30 nm film. The field dependence of MR for two representative samples, 
60 and 100 nm, is shown in figure 5.7. The film with thickness d = 60 nm was measured 
up to 47 T and exhibits a clear insulating-type behaviour of the MR (figure 5.7(a)), since 
the negative MR increases with decreasing temperature to a maximum value of -40 % at 
the lowest measured temperature (68 K, 4.2 K). The low-temperature curves are 
hysteretic up to the largest field. This observation indicates either a slow, glass-like 
reaction of the Co moments, while the field changes within a few milliseconds (with a 
field rise time of 10 ms), or an irreversible magnetization process reaching up to large 
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Figure 5.7: Magnetoresistance vs. magnetic field at different temperatures for LSCO films with 
various thickness. (a) d = 60 nm and (b) d = 100 nm. 
 
fields in a glass-like state. The MR of the 60 nm film is in qualitative agreement with that 
of the insulating phase occurring in bulk crystals at lower doping, (x = 0.17 [Aarbogh 
06]). It is also similar to the MR of the 18% doped LSCO films described in chapter 4. In 
figure 5.7 (b) the MR of a thicker film, d = 100 nm, measured up to 30 T and down to 4.2  
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K is shown. Unlike for the 60 nm film, the negative MR is largest (-22.1 %) close to TC 
at 200 K, while at lower temperatures of 50 and 4.2 K, it is as low as -11.7 and -7.9 %, 
respectively. Thus, the MR again reflects the change from insulating to metallic 
conduction with increasing film thickness. A similar behaviour of the thickness depen-
dence of the MR was reported for La0.5Sr0.5CoO3 films and explained in terms of a phase 
separation scenario [Torija 08]. This would fit quite well with the magnetotransport data 
in the present work: Large magnetic fields influence the balance of the metal and 
insulator phase distributions by strengthening the itinerant ferromagnetism. The shift of 
phase boundaries in the film is one possible source of the hysteresis in the MR data. 
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Chapter 6  
 
 
Summary and Outlook 
 
 
Doped perovskite cobaltites La1-xAxCoO3 (A = Sr or Ca) are ferromagnetic conductors 
with a narrow eg band for doping above x ~ 0.18. The spin state (LS, IS or HS) of the Co 
ions governs the magnetism and the electrical conduction. It is sensitive to external 
parameters such as doping level, temperature and hydrostatic pressure. This may be expl-
oited for an external control of magnetism in spintronic devices, for instance using 
electrically tunable lattice distortions. 
La0.82Sr0.18CoO3 and La0.7Sr0.3CoO3 have been investigated in thin film form here. 
La0.7Sr0.3CoO3 is a ferromagnetic metal, and La0.82Sr0.18CoO3 is at the phase boundary 
between the ferromagnetic metal and an insulating spin glass phase. The 18%-doped 
cobaltite as a single-crystal shows a pressure-induced insulator state with reduced 
magnetization which originates from a pressure-induced transition of Co ions to the LS 
state caused by an increase of the crystal-field splitting energy ∆CF under pressure. 
Epitaxial biaxial strain in thin films can alter the crystal-field splitting of the B ion in 
ABO3 perovskites by tetragonal distortion of the oxygen octahedra. (Tensile strain would 
decrease and compressive strain would increase ∆CF.) Hence, control of the magnetic 
moment of Co ions by epitaxial strain might be possible and has recently been 
demonstrated by D. Fuchs et al. for LaCoO3 [Fuchs 09]. The 30%-doped cobaltite 
surprisingly shows insulator characteristics in thin films under strong tensile strain 
[[9Rata 08], the origin of which had not been clarifie 
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[Rata 08], the origin of which has not been clarified. 
Epitaxial films of La0.82Sr0.18CoO3 have been grown on various substrates: LaAlO3, 
LSAT, PMN-PT, and SrTiO3, all in (001)-orientation. Thickness-dependent series both 
on STO and LAO for La0.82Sr0.18CoO3, and on LSAT for La0.7Sr0.3CoO3 have been 
studied. Epitaxial films of the 18% compound have been investigated for the first time. 
The effects of epitaxial strain and film thickness on the lattice structure, microstructure, 
magnetization and electrical conduction have been studied using thickness-dependent 
series on lattice-mismatching single-crystalline substrates. Experimental techniques such 
as PLD, XRD, AFM, SEM, TEM, SQUID magnetometry, PPMS, HR-TEM and high 
pulsed magnetic field were employed. Piezoelectric substrates PMN-PT(001) have been 
used to apply reversible biaxial strain to some films for the direct observation of strain-
dependent magnetization. This technique allows to separate the influences of a varying 
microstructure and composition from the real strain effect. 
LSCO(18%) has been grown under compressive strain on LaAlO3, under tensile strain on 
LSAT, STO, and PMN-PT. Coherent growth (i.e., with identical in-plane lattice parame-
ters of film and substrate) has been observed on LaAlO3 for d ≤ 60 nm and on SrTiO3 for 
d < 100 nm in the thickness-dependent series, respectively. Importantly, cracking of the 
thicker films is observed by optical and scanning electron microscopy. It is more 
pronounced for films under tensile strain. Therefore, the cracking is tentatively attributed 
to the larger thermal expansion of the cobaltite in comparison with that of the substrate, 
providing additional tensile strain during cooling from the growth temperature. The 
thickest uncracked film observed on STO substrates is 24.4 nm. The films grown on 
PMN-PT substrates are cracked, too. The 80 nm thick film grown on LSAT is not 
cracked, which is attributed to its lower tensile strain. 
The 30%-doped film series on LSAT has grown fully strained with a tensile strain of   
1.0 % up to a film thickness of 200 nm as observed by reciprocal space mapping. This 
result points to an extraordinary way of the LSCO (x = 0.30) films to accommodate 
lattice strain, since the critical thickness for this strain level is much lower in other 
perovskite oxides. 
Transmission electron microscopy, HR-TEM, with atomic resolution has revealed a 
layered superstructure with a lattice period of two unit cells for the 30%-doped cobaltite 
ff 
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on both, STO and LAO substrates which provide the larger strain levels. On LSAT, this 
superstructure has only been found in very few, small areas. The superstructure is 
attributed to an ordered array of oxygen vacancies [Torija 08].  Thus, its appearance 
indicates regions with reduced oxygen content. It is concluded that lattice strain causes 
local changes in oxygen stoichiometry. This may also explain the accommodation of 
tensile strain in thicker films, since an oxygen deficiency seems to lead to an enlarged 
unit cell volume and, thus, a larger in-plane parameter. 
All investigated films are ferromagnetic with rather large coercive fields of the order of 
10 kOe at 10 K. The Curie temperature ranges from 106 K to 171 K for the 18%-doped 
compound and from 178 K to 214 K for the 30%-doped films on LSAT. Some scattering 
of TC for the 18% films is to be expected due to the steep decrease of the bulk TC at the 
ferromagnetic/spin-glass phase boundary. Strain-relaxed thick 18%-doped films reach the 
bulk value of 165 K. The strained 30%-doped films have a lower TC than the bulk (TC bulk 
= 225 K) which may in part be a consequence of some (strain-induced) oxygen 
deficiency, and in the other part result directly from the strain state of the films. 
Magnetic order is found to depend on both, strain and thickness of the films. TC typically 
increases with growing thickness. Since the strain is stepwise relaxed with the increasing 
thickness, both effects are hard to separate based on the thickness-dependent film series. 
An exception is the 30% series on LSAT which nearly shows a pure thickness-dependent 
effect: TC grows by 36 K with increasing thickness from 60 to 250 nm, while the strain is 
relaxed by only 0.05%, a value too small to be responsible for the observed increase of 
TC. 
The application of reversible strain in La0.82Sr0.82CoO3/PMN-PT shows that the magneti-
zation grows upon the release of tensile strain. This result is contrary in sign to the expec-
tation for a strain-induced change of spin state which would imply growing 
magnetization under tensile strain. The observed changes of magnetization with strain 
could all be attributed to strain-dependent magnetic interactions of the Co ions, whereas 
no indication of a spin state change could be found in the experiments for both 18% and 
30% doped cobaltites. (Reversible strain experiments on the 30%-doped cobaltite had 
been conducted earlier [Rata08].) Further, the large coercivity at low temperatures is not 
a direct strain effect, since a La0.82Sr0.82CoO3 /PMN-PT sample cooled in various reversi- 
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bly controlled strain states showed an unchanged coercivity within the error of 
measurement. 
TC is not a linear function of the biaxial strain for the ferromagnetic double exchange 
model which is expected to underlie the itinerant ferromagnetism for x ≥ 0.18. It has a 
parabolic dependence with strain with a maximum of TC close to the zero strain level and 
a quadratic decrease of TC for both tensile and compressive strain. In agreement with the 
parabolic dependence, TC is suppressed both under tensile and compressive strain (on 
STO and LAO substrates, respectively). The reversible strain experiment on 
La0.82Sr0.18CoO3/PMN-PT shows a strain-induced TC shift of about dTC/δa = -11 K/% for 
the as-grown strain state of 1.96 % tensile strain (with the percental change δa of the in-
plane lattice parameter a). 
Defects are found to have a strong influence on electrical conduction which varies widely 
by many orders of magnitude. In particular, films with detectable cracks show huge, 
irreproducible values of resistivity. Even if no cracks can be detected by SEM, the 
observed electrical conduction has occasionally been found to be dominated by defects. 
The 30%-doped films under nearly constant tensile strain of 1.0 % show a crossover from 
a metallic to an insulating behaviour with reduced thickness. Since compressed films of 
this composition are metallic [Rata08], the tensile strain is responsible for the appearance 
of the insulator state. There is a slight strain relaxation of 0.05% with increasing 
thickness, which may influence the conductivity, but it is so small that it is unlikely as 
the major origin of the metal-insulator crossover. On the other hand, a direct thickness 
effect may be at play. This indicates an inhomogeneity with extended metallic and 
insulating phases in the films which allow electrical percolation only at a large thickness 
beyond 200 unit cells (about 80 nm). Several of these films have been measured in 
magnetic fields up to 47 T and show a non-saturating large magnetoresistance with large 
hysteresis at low temperatures, reflecting the incomplete ferromagnetic order. The 
hysteresis is consistent with (but is no evidence for) a coexistence of metallic and 
insulating phases. 
18%-doped films show a metal-insulator transition near TC only for the thickest films on 
LAO substrate. These films are essentially strain-relaxed, show a TC close to the bulk 
value and electrically behave similar to single crystals. On the other hand, most films on 
STO are cracked. The only measurable – and according to SEM imaging uncracked – 
24.4 nm thick film nevertheless fails to show any magnetoresistance. This indicates a 
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defect-governed electrical transport, since the field-dependent magnetization of the film 
volume has no influence on the conduction. Bulk-like magnetoresistance has been 
observed in films on LAO and LSAT substrates. No electrical conduction vs. reversible 
strain could be measured since, unfortunately, all films on PMN-PT are cracked due to 
their large tensile strain. 
Further studies could be conducted by growing films with buffer layers on piezoelectric 
PMN-PT substrates in order to investigate different as-grown strain states and avoid, for 
conduction studies, the cracking. 
A way to determine the valence state of the Co ions in dependence on the strain state 
would be by conducting spectroscopic studies i.e. X-ray absorption (XAS) or X-ray 
photoemission (XPS), while photoemission spectroscopy (PES) would be another 
approach to understand the strain-dependent changes in the band structure and the Co 
spin state. 
Further investigations of the nature of the defects by TEM, in particular for LSCO (18%) 
doping are needed. Future spatially resolved electron energy loss spectroscopy (EELS) 
measurements with the aim to determine the local ionic distribution are desirable.  
One could also try to determine the nanoscopic distribution of a metallic and insulating 
phases on surfaces by STM, for instance, in order to test the presence of metallic phase in 
globally insulating samples. The latter could also be attempted by ellipsometry, searching 
for the “metallic” Drude peak at low frequency in optical conductivity measurements. 
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